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ABSTRACT 
The ability of Listeria monocytogenes to survive the stresses associated with both 
dust-like particles and a condensate-like solution was examined along with its ability to 
contaminate ready-to-eat meat (RTE) products. To examine dust-like conditions a five-
strain Listeria monocytogenes culture, including serotype 4b, was continually stressed 
under four nutritionally depleted and dry conditions. Stresses included two different 
temperatures (10°C and 22°C) combined with exposure to either humid air (40% RH or 
88% RH) or complete desiccation. Irradiated, RTE meats (frankfurters, bologna, 
chopped ham, and deli-style roast beef) were contaminated with L. monocytogenes 
carried on the sand vector. Inoculation was carried out every 2 to 3 days for one and one 
half months. The inoculated RTE meats were vacuum-packed and stored at 4°C for 24h. 
L. monocytogenes was recovered from the inoculated RTE meats by surface plating on 
non-selective and selective media. L. monocytogenes was projected to be capable of both 
surviving on the dust-like vector for over 70 days at 22°C and 0% RH, as well as 
repairing injury on, attaching to, and being recovered from the RTE meats after 24h. 
To examine the condensate-like conditions, a five-strain Listeria monocytogenes culture, 
including serotype 4b, was continually stressed under two temperatures in a nutritionally 
depleted, buffered, condensate-like solution. The stresses included the use of a 
condensate-like vector maintained at either 10°C or 22°C. Irradiated, RTE frankfurters 
were contaminated with L. monocytogenes carried by the condensate-like vector. 
Inoculation was carried out once a week for three weeks. The frankfurters were vacuum-
packed and incubated at 4°C for 24h. L. monocytogenes was recovered from the 
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inoculated frankfurters by surface plating on non-selective and selective media. L. 
monocytogenes was found to be capable of surviving in the condensate-like solution-for 
two weeks at 10°C and for only I week stored at 22°C. L. monocytogenes was capable of 
contaminating RTE frankfurters by vector transmission at both temperatures, however, 
the 10°C vector proved to be a source of contamination over a longer time period. 
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CHAPTER!. GENERALINTRODUCTION 
Introduction 
Recent outbreaks of listeriosis associated with ready-to-eat meat products have 
been attributed to post processing contamination of the products within the processing 
facilities. Little scientific evidence exists that definitively describes or characterizes the 
ability of L. monocytogenes to endure stress conditions associated with being transported 
onto a ready-to-eat product by a vector. The first experiment within this dissertation was 
designed to test the ability of L. monocytogenes to endure such stress and characterize its 
ability to contaminate ready-to-eat meat products when transported on a particulate 
vector similar to dust. The second portion of this dissertation was designed to test the 
ability of L. monocytogenes to endure conditions similar to that of condensate and to 
characterize its ability to contaminate ready-to-eat meats under that form of stress. 
Thesis Organization 
This manuscript is organized into three major portions. First, the literature review 
is designed to inform the reader of pertinent details which will further the readers 
understanding of both the problems associated with L. monocytogenes and the current 
technologies applied toward solving them. The second chapter of this manuscript is a 
paper that describes the research that examined the ability of L. monocytogenes to survive 
on and utilize a vector similar to dust to contaminate ready-to-eat processed meats. The 
third chapter of this manuscript describes the research that examined ability of L. 
monocytogenes to survive in and utilize a vector similar to condensate to contaminate 
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ready-to-eat frankfurters. The fourth and final chapter of this manuscript contains 
general conclusions for both experiments and describes their significance to the 
manufacture of ready-to-eat foods as well as recommendations for future research. 
Literature Review 
The emergence of foodbome pathogens such as L. monocytogenes has spawned a 
new approach to food safety that requires measures of prevention rather than intervention 
after the problem has arisen. Speculation about airborne contamination of food products 
by L. monocytogenes with vectors such as dust and or moisture has lead to the formation 
of new regulatory prevention strategies since the first foodbome outbreaks caused by this 
organism. These regulations, however, are not supported by as much scientific fact as 
they are by speculation. The importance of L. monocytogenes as a human pathogen and 
ubiquitous problem in modem food processing will be examined. 
Historical Background as a Foodborne Pathogen 
The first recorded human infection by Listerella, which before 1940 was the name 
for the genus Listeria, occurred in 1929 (Klima and Montville, 1995; McLauchlin, 1987; 
Doyle, 1985). L. monocytogenes was not considered to be a foodbome pathogen until the 
first identified outbreak occurred in 1981. The outbreak took place in Maritime 
Provinces, Canada and resulted in 41 cases of listeriosis and 18 deaths. The source of the 
outbreak was found to be coleslaw made with cabbage fertilized with sheep manure 
contaminated with L. monocytogenes serotype 4b (Hoffmans, 1997; Mustapha and 
Liewen, 1989; Doyle, 1985). Cold storage of the cabbage may have allowed L. 
monocytogenes to grow to sufficient numbers to cause disease (Doyle, 1985). 
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In 1983 an outbreak resulting from contaminated 2% milk in Massachusetts 
caused 14 fatalities and 49 cases of listeriosis (Hoffmans, 1997). Investigators traced the 
source of the contamination to a group of dairy farms with cattle that had recently been 
infected with L. monocytogenes 4b. The milk was likely to have been contaminated with 
unpasteurized milk after processing (Bean and Griffin, 1990). 
J alisco Mexican Products. The outbreak that attracted the most attention to L. 
monocytogenes in the 1980s occurred in 1985 when Jalisco Mexican Products recalled 
numerous product lines contaminated with L. monocytogenes serotype 4b (CDC, 1985; 
Hoffmans, 1997). Three hundred and fourteen cases of listeriosis and 105 deaths were 
linked to queso fresco and cotija cheeses manufactured in the Jalisco processing plant. 
An investigation of the outbreak found that the cheeses were partially made with 
unpasteurized milk (Bean and Griffin, 1990). This outbreak lead to anti-Listeria 
initiatives launched by both the Food and Drug Administration (FDA) and the United 
States Department of Agriculture (USDA) to improve methods of detecting the organism 
and to facilitate its elimination from the US food supply (Klima and Montville, 1995). 
Turkey Frankfurters. The first ready-to-eat (RTE) meat-related outbreak 
involving L. monocytogenes was contaminated turkey frankfurters in 1989. An immuno-
suppressed cancer patient developed listeria! meningitis after consumption of the franks 
(Dickson, 1989). A CDC investigation of the processing plant found the contamination 
occurred due to contact of the franks with poorly sanitized equipment, specifically, a 
section of the conveyor equipment used during the peeling process (Hoffmans, 1997; 
Fain, 1992). Since then, monitoring programs have been strengthened, but companies 
and regulatory agencies have been unable to completely eliminate the pathogen from 
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RTE meats. The incidence of L. monocytogenes in RTE meat products in 1998 was found 
to be 2.5% of all products tested by the Food Safety Inspection Service (FSIS) (Sommers 
and Thayer, 2000). 
Bil Mar Foods. On December 22, 1998, Bil Mar Foods, a Zeeland, MI luncheon 
meat plant owned by Sara Lee Corporation of Chicago, IL, conducted a nation-wide 
recall of more than ten product lines due to the detection of L. monocytogenes. The 
company recalled 35,000,000 lbs. of frankfurters and packaged meats (actual recovery 
was less than 6 million lbs.) (FSIS, 1999), costing the company $76 million in product 
loss, and $200 million in loss of sales after the recall (Young, 1999). The multi-state 
outbreak caused 21 deaths and approximately 100 reported cases of listeriosis (CDC, 
1999). Of the 21 deaths, 15 were adults and 6 were due to miscarriages. 
Cargill. More recently, in late December of 2000, Cargill voluntarily recalled 
over 16.7 million pounds ofready-to-eat luncheon meats due to L. monocytogenes 
contamination (Cosgrove, 2000). The multi-state outbreak caused 28 cases of listeriosis, 
4 fatalities and three stillbirths (Cosgrove, 2000). The CDC investigation traced the 
products back to a Waco, Texas production facility where environmental contamination 
was suspected to have resulted in the outbreak (Cosgrove, 2000). 
Economic Losses. The high human and economic losses associated with 
foodbome outbreaks drive the private sector and regulatory agencies to find ways of 
eliminating pathogens like L. monocytogenes from the food supply. The Economic 
Research Service (ERS) (United States Department of Agriculture (USDA)), has recently 
estimated that foodbome disease costs the United States $6.9 billion per year in medical 
costs as well as productivity losses (ERS, 2001). This does not include the losses that 
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businesses incur after conducting a product recall. Currently, the top five bacterial 
pathogens that cause such losses in the U.S. are "Campylobacter (all serotypes), 
Salmonella (non-typhoidal serotypes only), E. coli O157:H7, E. coli non-O157:H7 
STEC, and L. monocytogenes" (ERS, 2001 ). Approximately 500 of the 1,250 estimated 
annual deaths from these five pathogens are due to L. monocytogenes (ERS, 2001). The 
loss of $2.3 billion (33% of the total cost to the U.S. related to foodbome disease) is 
attributed to L. monocytogenes. According to Hoffmans (1997), the average cost per case 
of listeriosis is $12,520. 
From 1973 to 1987, 7,458 outbreaks occurred resulting in 237,545 cases of 
foodbome illness. Bacterial and viral pathogens have been determined to cause 90% of 
fatalities from those illnesses (Mead et al., 1999; Bean and Griffin, 1990). The five 
pathogens that account for over 90% of estimated food-related deaths include Salmonella 
(31 % ), Listeria (28% ), Toxoplasma (21 % ), Norwalk-like viruses (7% ), Campylobacter 
(5%), and E.coli O157:H7 (3%) (Mead et al., 1999). According to Mead et al. 1999, 
"Overall, bacterial pathogens account for 60% of hospitalizations attributable to 
foodbome transmission, parasites for 5%, and viruses for 34%". 
The CDC estimates that foodbome diseases cause 76 million illnesses, 325,000 
hospitalizations and 5,000 deaths in the U.S. annually (Mead et al., 1999). The three 
pathogens associated with the highest mortality rate are Salmonella, Listeria, and 
Toxoplasma. The CDC estimates that these three pathogens account for 1,500 (75%) of 
the fatalities caused by identifiable pathogens (Mead et al., 1999). 
Physiological Traits. First discovered in 1926, Listeria monocytogenes is a gram 
positive, facultative anaerobic bacterium that takes the form of a regular, short bacillus 
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with rounded ends 0.4 to 0.5µm in diameter and 0.5 to 2.0µm in length sometimes 
appearing coccoid (Holt et al., 1994). L. monocytogenes is also non-spore-forming, non-
acid fast, and non-encapsulated, and obtains energy as a chemoorganotroph fermenting 
glucose to produce L (+)-lactate (Holt et al., 1994). This organism exhibits tumbling 
motility due to peritrichous flagella, which are present when the organism is grown 
between the temperatures of 20 to 25°C (Doores et al., 1992). L. monocytogenes is 
generally non-motile when grown above 35°C (Vatanyoopaisarn et al., 1999). 
Biochemical Signature. Traditional methodologies for the isolation of L. 
monocytogenes rely on the organism's metabolic signature. Tests specific for L. 
monocytogenes include the utilization of rhamnose, ~-hemolysis on blood agar, 
hydrolysis of sodium hippurate to benzoic acid, and a G + C content of 37 to 39% (Jay, 
1998). L. monocytogenes can also be distinguished by its inability to utilize xylose, 
lactose (variable), galactose (variable), and mannitol (Jay, 1998). The Christie-Atkins-
Munch-Peterson (CAMP) test for ~-hemolysis, which will be discussed later, is indicative 
of a presumptive L. monocytogenes isolate when either Staphylococcus aureus or 
Rhodococcus equi tests are positive (Jay, 1998). 
Growth Tolerances. L. monocytogenes is of particular concern to the food 
industry due, in part; to the wide range of growth tolerances it exhibits including the 
ability to grow under refrigeration temperatures as well as a diverse range of pH as well 
as the ability to tolerate drying and elevated salt concentrations (Kim and Frank, 1994 ). 
The minimum growth temperature for L. monocytogenes has been reported by Bajard et 
al. (1996) to be as low as -2°C, which allows growth in contaminated food products held 
at refrigeration temperatures around 4°C. Listeria spp. are best suited for growth between 
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a pH range of 6 to 8, but several studies indicate that the range is much wider. Conner et 
al. (1986) conducted a study of the effects of temperature, salt, and pH on the growth of 
L. monocytogenes in cabbage juice and found that the organism was capable of surviving 
at a pH as low as 4.1 at 30°C. In conjunction with the wide pH range, the organism has 
also been found to survive dehydration very well. Tolerance to desiccation aids in its 
ability to persist in a multitude of processing and natural environments. In a dehydration 
study using dried beef tissues, L. monocytogenes was found to persist in the sample with 
only a 1.5 log reduction after 42 days (Dickson, 1989). The ability of L. monocytogenes 
to survive and grow in extremes of temperature, pH, humidity, low oxygen content, and 
high salt concentration (up to 10% ), presents a real hazard to the food products that rely 
upon these factors as methods of preservation. 
Epidemiology of Listeria monocytogenes as a Human Pathogen 
L. monocytogenes is the causative agent of listeriosis, a condition that results in a 
number of potential ailments including flu-like symptoms, meningitis, spontaneous 
abortion or stillbirth, and septicemia. Those most susceptible to listeriosis are pregnant 
women, children, the elderly, and those with compromised or suppressed immune 
systems including cancer, organ transplant, and AIDS patients (Schlech, 2000). The 
United States Department of Agriculture (USDA) has set a zero-tolerance standard for L. 
monocytogenes in ready-to-eat foods due to its high (28%) mortality rate among immuno-
compromised individuals (Sommers and Thayer, 2000; Mead et al., 1999). Incidence 
rates of listeriosis are~ 0.7 case per 100,000 population, but occurs more frequently 
among infants (10 cases per 100,000 population) and the elderly (1.4 cases per 100,000 
population) (Schlech, 2000). 
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Subspecies. The subspecies L. monocytogenes includes thirteen serovars 
including ½a, ½b, ½,c 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4e and 7 (Hoffmans, 1997). Serotypes 
of L. monocytogenes are distinguished by somatic (0) and flagellar (H) antigens 
(Hoffmans 1997). Serovars 4b and ½a are of the greatest concern with respect to 
foodborne disease, although all subspecies of L. monocytogenes are pathogenic to 
humans. Clinical isolations of L. monocytogenes following foodborne outbreaks 
typically link the serovars ½a and 4b to most incidences of disease. 
Geographical differences between outbreaks of serovars ½a and 4b have been 
confirmed by isolation from contaminated foodstuffs and clinical samples. Serovar 4b 
accounts for 65-80% of all pathogenic L. monocytogenes strains isolated in the United 
States and Canada while serovar ½a is responsible for most outbreaks in Eastern Europe, 
Central Germany, Sweden, Finland, and West Africa (Seeliger and Hahne, 1979). 
Listeriosis 
Listeriosis in humans can lead to a number of very severe syndromes including 
bacteremia, meningitis, and meningoencephalitis (Schlech, 2000). The disease is 
typically characterized by flu-like symptoms with fever, myalgia, stiff neck, diarrhea (if 
high dosage is consumed) and or headache (CDC, 2001). The infectious dose of L. 
monocytogenes necessary to induce listeriosis is not known, but is believed to be fewer 
than 100 cfu/g of contaminated food. This number, however, is dependent on the 
immune status of the host. People with robust immune systems who are exposed to the 
organism may be more likely to fend off infection more so than someone in poor health. 
In hindsight from an outbreak, it is not possible to exactly enumerate the number of L. 
monocytogenes contained in a foodstuff. Due to the latent nature of such assays, it is 
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impossible to say whether the bacterium has grown in the product or dissipated since the 
time of initial exposure. Therefore, the infectious dose cannot be readily determined. 
Pathogenicity 
L. monocytogenes can be internalized by both humans and animals via the oral 
route from contaminated food, eyes, skin, respiratory, or urogenetal routes (Hoffmans, 
1997). L. monocytogenes is a facultative, intracellular parasite possessing the ability to 
survive and grow inside of mammalian cells and the external environment (Goebel et al., 
1991). Once inside the digestive tract, cells that survive the stomach eventually reach the 
intestines where they are capable of colonizing and eventually crossing the epithelial 
barrier and gaining access into the blood. L. monocytogenes will then move through 
other tissues, the blood stream, and the placenta of pregnant women. 
L. monocytogenes acts as an intracellular parasite that can penetrate, multiply in, 
and be transmitted from cell to cell within macrophage, fibroblast, and enterocyte cells 
(Tilney and Portnoy, 1989). By moving intra-cellularly, L. monocytogenes is capable of 
avoiding circulating antibodies and other host defenses such as macrophages and T-cells 
(Tilney and Portnoy, 1989). The evasion of antibodies also explains why antibodies do 
not play a role in recovery from secondary infections (Portnoy, 1992). 
Colonization of Intestinal Tract. The mechanisms used by L. monocytogenes to 
colonize the intestinal tract are poorly understood, and very few research papers exist on 
the topic. Cowart et al., (1989), however, studied the interaction of a-D-galactose 
expressed on the surface of virulent listeriae and a-D-galactose receptors on eukaryotic 
cells. The study determined that the binding of a-D-galactose to the eukaryotic receptor 
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was likely to result in the attachment of the organism to host cells prior to internalization 
of the pathogen (Cowart et al., 1989). 
Invasion of Host Cells. Passage through the intestinal barrier via either the 
epithelial cells or the M cells of the Peyer' s patches, however, is better understood. L. 
monocytogenes is capable of passing through such cells by use of a surface protein called 
intemalin (inlA) (Gaillard et al., 1991). Intemalin is capable of drawing the invading cell 
into a host cell in a manner similar to phagocytosis. Once inside the host cell, L. 
monocytogenes then breaks up the phagosome-like endosome encasing the bacteria using 
listeriolysin O (LLO) and potentially another protein known as phosphatidylinositol-
specific phospholipase C (PI-PLC) (Portnoy et al., 1992; Sheehan et al., 1994). The 
destruction of the vacuole occurs in less than half an hour and the L. monocytogenes cells 
begin to divide inside the host cell and become coated with F-actin, which it will utilize 
for propulsion. 
Intra-Cellular Movement. L. monocytogenes is capable of movement inside 
host cells by constructing a push-rod type structure made of F-actin which normally 
composes the cytoskeleton if its host (Sanger et al., 1992). The parasitic cells become 
encapsulated with F actin within 2 to 3 hours of entry into the host cell (Sanger et al., 
1992; Tilney and Portnoy, 1989). 
Intra-cytoplasmic movement is accomplished with continuous actin 
polymerization that effectively pushes the invader through the host (Cossart, 1995). The 
actin assembly and proliferation is controlled with the actA gene (Domann et al., 1992; 
Kocks et al., 1992). The actA gene controls a 610-ammino-acid surface protein known as 
ActA, which stems from inside the cell (interacts with intracellular components) to the 
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exterior. ActA tends to concentrate on polar regions of the cells whe~e it reacts with F-
actin. ActA is believed to nucleate the F-actin tail (up to 5µm) used to push the cell 
through the cytoplasm of its host (Doyle et al., 1997; Tilney and Portnoy, 1989). Two 
phospholipases are used by L. monocytogenes to punch through the membranes of both 
its current host cell and the neighboring target cell. These phospholipases react with 
mammalian cell membranes to cleave the polar heads off from the phospholipid-bilayer, 
distorting the structure so that passage is possible (Smith et al., 1995). 
When exposed to the extra cellular spaces of a host, L. monocytogenes is taken up 
by macrophages, which are used by the immune system to kill invading cells. L. 
monocytogenes, however, survives phagocytosis and multiplies inside macrophages. L. 
monocytogenes is capable of surviving inside macrophages by lysing the phagocyte's 
phagosome and escaping the lytic enzymes that would normally be used against 
phagocytized cells. L. monocytogenes has evolved the capability to use macrophages for 
transport to other areas of the body especially to local lymph nodes where it can infect 
more macrophages. 
Host Immune Response to L. monocytogenes 
Since L. monocytogenes is capable of escaping most of the humoral host defense 
mechanisms such as antibodies and infected, inactive phagocytes, it raises the question of 
how the body is capable of reacting to an intracellular pathogen such as Listeria. Among 
the useable host responses to L. monocytogenes are T-helper 1 cells (THI), CD40 ligand, 
Tumor Necrosis Factor-alpha and beta (TNF-a) and (TNF-~), and interferon-gamma 
(IFN-y). A response to L. monocytogenes is due largely to such cell mediated 
mechanisms and macrophages activated by cytokines. The host response begins with 
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activated TH 1 cells, which expresses the cytokines IFN-y, and CD40 ligand causing the 
activation of other macrophages. Macrophage activation is attributed to an increase in 
the number of TNF receptors as well as CD40 receptors. CD40 receptor binding to CD40 
ligand on THl cells increases the expression of B7 molecules on the cell surface 
responsible in tum for the activation of more T cells. Those macrophages that are already 
infected by L. monocytogenes are targeted by THl cells expressing Fas ligand and TNF-
p, which lead to cell death or by T-cytotoxic cells. The L. monocytogenes contained in 
the dying macrophage are re-released to waiting activated macrophages, which 
subsequently destroy them. This process is impeded in immunocompromised individuals 
such as children whose immune systems are underdeveloped, or the elderly, whose 
immune systems no longer react as efficiently and effectively. 
Among the other responses induced by THl cells is the proliferation of more T 
cells and macrophages. THl utilizes interleukin-2 to activate more THl cells, which 
contribute to the attack against the invading L. monocytogenes and activate still more 
THl cells. Activated THl cells will also express interleukin-3 and GM-CSF, a 
hematopoieic growth factor that induces bone marrow cells to produce more phagocytic 
cells. These new phagocytic cells will become activated by THl cells and be directed 
toward the site of infection by cytokines like TNF-a and TNF-p. These, cytokines along 
with MCF (macrophage chemotactic factor) draw phagocytes from the blood stream and 
toward the site( s) of infection. 
In rare occasions, L. monocytogenes can induce the formation of granulomas if it 
persists in the body for long periods of time. A granuloma is a structure employed by the 
immune system to "wall off' infected macrophages, sealing them away from nutrients 
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and oxygen. The core of such structures is comprised of a multinucleated giant cell 
(many macrophages fused together), and large macrophages known as epitleliod cells. 
The outer portions of the granuloma are sealed by THI and TH2 cells. This structure 
essentially starves the trapped macrophage cells along with their invaders. 
Clinical Diagnosis and Treatment of L. monocytogenes 
Since many foodborne illnesses can manifest themselves in similar fashion, 
microbiological testing of the blood, or cerebrospinal fluid may be necessary (Ryan et al., 
1994). L. monocytogenes has been found to be susceptible to antibiotic treatments by 
Penicillin G, Ampicillin, Erythromycin, and Chloramphenicol (Ryan et al., 1994). 
Treatments for L. monocytogenes infections usually include the use of penicillins and 
amino glycosides although some studies have indicated that L. monocytogenes is tolerant 
of~-Lactam antibiotics such as penicillin (Gutkind etal., 1989). Experimental 
treatments of infected macrophages with cytochalasin D, which inhibits cell-to-cell 
movement, prevented escape of L. monocytogenes from the phagosome in vitro (Tilney 
and Portnoy, 1989). This treatment however, may not be applicable as a cure for the 
disease. 
Techniques for the Identification and Enumeration of L. monocytogenes 
Methods for the detection and or enumeration of L. monocytogenes can be 
grouped into two categories: conventional and alternative methods. Industrial laboratory 
based testing typically employs conventional methodologies such as enrichment steps and 
direct plating of samples onto differential media. The two government agencies that 
oversee microbiological testing of food products in the United States are the Food and 
Drug Administration (FDA), and the United States Department of Agriculture (USDA) 
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Food Safety Inspection Service (FSIS). The FDA, which oversees milk, dairy and 
processed food products, advocates a different methodology for the isolation of L. 
monocytogenes than the USDA/FSIS, which is responsible for poultry and meat products. 
This difference stems not only from the use of different laboratory development teams, 
but also from the diverse nature of the foodstuffs each agency is responsible for. 
FDA Method. The FDA's Bacterial Analytical Manual (BAM), which is used by 
milk and dairy food microbiology laboratories as a standardized catalog of methods, 
dictates the techniques that are to be used by such laboratories. The standard sample size 
tested for L. monocytogenes is 25 g of product diluted to a 1: 10 ratio with an enrichment 
media (BAM, 1995). Diluted samples require homogenization by use of either blending 
or stomacher, both of which yield similar results (Dickson, 1990). Enrichment steps for 
the isolation of L. monocytogenes are necessary due to the possibility of sublethal damage 
to the organism post processing. 
Among the most common of these enrichments is Listeria Enrichment Broth 
(LEB) (Difeo Manual, 1998). LEB was first developed by Lovett et al. in 1987 (Lovett 
et al., 1987). The medium provides a favorable environment for the growth of L. 
monocytogenes by supplying nitrogen sources, a carbohydrate source and vitamins and 
minerals necessary for growth. Along with nutrient supplements, LEB also stabilizes the 
growth environment by buffering any strong acids or bases present, and by osmotically 
stabilizing the mixture with sodium chloride (Difeo Manual, 1998). LEB also employs 
Acriflavine HCl, Nalidixic acid, and Cycloheximide (used to inhibit saprophytic fungi) 
(Difeo Manual, 1998) as antimicrobial agents to prevent the growth of (and competition 
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from) other organisms the may be present in the sample. This solution requires a total 
incubation time of two days at 30°C (BAM, 1995). 
The isolation technique advocated by the BAM involves the streaking of the 
enriched culture onto one of two selective agars LPM or Oxford Agar (OXA). Lee and 
McClain developed LPM in 1986 as an alternative to McBride Listeria agar (Difeo 
Manual, 1998). The incubation time on all of these types of media is between one to two 
days at 35°C (BAM, 1995). Once sufficient growth has been achieved, Listeria can be 
confirmed by its appearance on the agar surface. The current method utilizes esculin 
hydrolysis, and mannitol fermentation (Difeo Manual, 1998). L. monocytogenes 
hydrolyzes esculin to generate a black halo surrounding the colony on the plate. The 
color change occurs wheh the esculin is hydrolyzed into 6,7-dihydroxycoumarin, which 
reacts with ferric ions in the media to generate the blackening of the media. Esculin 
containing media has also been shown to cause the formation of petite colonies of some 
strains of Listeria spp. rather than the larger colonies observable on non-selective media 
(Siragusa et al., 1990). Mannitol fermentation also induces a color change in the colony 
and surrounding area producing a gray hue. The final step in the isolation of L. 
monocytogenes according to the BAM is to select a minimum of five positive colonies 
from the selective agar and plate them onto nonselective Tryptic Soy Agar with 0.3-0.6% 
Yeast Extract (TSA YE). These plates are to be incubated for 24 to 48 hours at 35°C 
(BAM, 1995). Colonies found on TSA YE may then be used for identification tests 
(MLG, 1998). 
USDA Method. The USDA method differs from the FDA method in numerous 
ways. The FDA method employs only one selective pre-enrichment step with LEB, 
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while the USDA requires two selective pre-enrichments with UVM Modified Listeria 
Enrichment Broth (UVM) and Fraser Broth. UVM is a selective enrichment used to 
cultivate Listeria spp. and inhibit other organisms with Nalidixic acid (inhibits gram-
negative organisms) and Acriflavine hydrochloride (inhibits many gram-positive 
organisms) (Difeo Manual, 1998). Fraser Broth serves as the final enrichment and also 
selects for Listeria spp. with Nalidixic acid and Acriflavine hydrochloride. Fraser Broth 
also contains lithium chloride, which inhibits enterococci. After the primary and 
secondary enrichment steps, the USDA method utilizes Modified Oxford Agar (MOX) 
for isolation and identification purposes. Suspected isolates from MOX are streaked onto 
either Columbia Blood Agar Base with 4% Horse Blood, Brain Heart Infusion Agar 
(BHI), or Bacto Motility Test Medium as an added identification tool. A new type of 
agar gaining in popularity is chromogenic ALOA Listeria Medium developed by 
Microbiology International. ALOA is able to both select for Listeria spp. and 
differentiate for L. monocytogenes with a high degree of accuracy (Vlaemynck et al., 
2000). Conventional methodology for confirmation of isolates is still recommended by 
the manufacturer. 
Henry Illumination. Prior to the development of differential agars such as these, 
it was necessary to use the Henry Illumination, also known as the 45° Illumination, or the 
Henry Oblique Test developed by B. S. Henry in 1933 (Henry, 1933). This technique 
employs a beamed white light source aimed at an angle of 45° toward a flat mirror, which 
shines onto the bottom of the TSA YE petri plate to be observed. When the examiner 
views the suspected colonies at a 90° angle, L. monocytogenes will appear to have a 
sparkling blue color to a blue-gray. The Henry illumination is still listed as an alternate 
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method for isolation of L. monocytogenes in the FDA's BAM (BAM, 1995). Due to the 
subjective nature of this test, the FDA recommends that control plates be used to 
acclimate the observer's eyes to the correct colors (BAM, 1995). More modem methods 
such as esculin hydrolysis, and mannitol fermentation have lessened the reliance on the 
Henry Illumination methodology. These tests are far less subjective than the Henry 
Illumination. 
Isolation. Isolation of L. monocytogenes from clinical samples is typically more 
successful than food or environmental samples because they often exist as pure cultures 
(Donnelly, 1988). Problems associated with the isolation of L. monocytogenes from food 
and environmental samples are due largely to the presence of other organisms in the 
sample and or the degree of injury sustained by L. monocytogenes after processing which 
increases the difficulty of detection. Injured cells such as these are still viable and 
capable of repairing themselves in food and causing disease, but are difficult to detect 
with conventional microbiological testing in their injured state since these methods rely 
on the organism's ability to replicate. To counteract this problem, L. monocytogenes 
present in the sample is grown to detectable levels using enrichment methods (Donnelly, 
1988). Other enrichments designed for the repair and isolation of L. monocytogenes 
include UVM and Fraser broths. UVM and Fraser broths both include the same esculin 
hydrolysis identifying compounds as MOX agar and tum black in the presence of 
metabolically active L. monocytogenes (Cox, 1996). 
Identification. Positive identification of L. monocytogenes from suspected 
colonies found by either esculin hydrolysis, and mannitol fermentation, or the Henry 
Illumination can be accomplished by both conventional tests and rapid method tests 
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(BAM, 1995). The most common conventional test is the Christie-Atkins-Munch-
Peterson (CAMP) test. This test allows the examiner to differentiate between the two 
pathogenic B-hemolytic strains of Listeria: Listeria monocytogenes, and Listeria ivanovii. 
Listeria seeligeri is also B-hemolytic, but is not considered to be an animal pathogen. 
The CAMP test takes advantage of L. monocytogenes B-hemolytic properties on sheep 
blood agar. Suspect L. monocytogenes is streaked against Staphyloccus aureus and 
Rhodococcus equi, with controls for comparison. S. aureus and R. equi are weakly B-
hemolytic on their own, but in the presence of L. monocytogenes, Listeria ivanovi, and 
Listeria seeligeri distinct clearings occur. The test will allow the examiner to distinguish 
between Listeria ivanovi and the other two organisms based on B-hemolytic reaction, but 
further testing is needed to distinguish between L. monocytogenes and Listeria seeligeri. 
For this distinction, it is necessary to conduct xylose and rhamnose utilization tests. L. 
monocytogenes is the only member of Listeria spp. that does not utilize xylose, but is still 
capable of utilizing rhamnose and exhibits B-hemolysis (BAM, 1995). 
Rapid Methods. More modem, rapid methods of speciation can be employed to 
expedite testing procedures. Conventional methods tend to be labor intensive, costly, and 
lengthy (Bell, 1998). To be an effective alternative for industrial food microbiology labs, 
the test must be sensitive, specific, simple, robust, reliable, efficient, and inexpensive 
(Bell, 1998). It is necessary for such tests to be rapid due to the fact that manufactured 
product remains on hold until testing has determined the product to be safe. The 
extension of the holding period effectively shortens the amount of time the product can 
be potentially sold resulting in opportunity costs of both profit and materials to the 
manufacturer as well as a potential loss of product freshness for consumers. Rapid 
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biochemical test kits that utilize the same types of tests as conventional methods such as 
Organon Tekinka's Micro-ID Listeria™, are a fast alternative to individual biochemical 
tests (AOAC, 2001). Rapid methods such as non-radioactive DNA probe kits are 
recommended by the FDA due to their ability (in most cases) to identify L. 
monocytogenes with a high degree of certainty (BAM, 1995). Gene probes, however, 
must be applied to purified colonies isolated on selective agar suspected of being L. 
monocytogenes (Bobbitt and Betts, 1992; Klinger et al., 1988). It is possible to use gene 
probes directly on samples and broths after they have been incubated for two days, but 
they tend to give false negatives if the number of L. monocytogenes present is fewer than 
106 cells/mL (Bell, 1998). The Gene Trak™ Listera assay, however, is the method 
endorsed by the Association of Official and Analytical Chemists (AOAC method No. 
993.09) for rapid detection of L. monocytogenes (AOAC, 2001). 
Other technologies applicable directly to samples include immuno-magnetic bead 
separation, enzyme-linked immunosorbent assays (ELISA), immunochromatography, and 
latex agglutination tests. These tests rely on antibodies against Listeria spp. and are not 
specific for L. monocytogenes. It is necessary to streak the positive isolates from these 
tests onto selective agar and conduct conventional identification tests in order to 
positively identify an isolate as L. monocytogenes. Phage typing of Listeria species has 
also been examined as an alternate method for use in the dairy industry. Loessner and 
Busse (1990), were capable of attaining 84.5% typability in their experiment testing the 
method as a way to identify contaminated processing equipment. 
Media Used in Experiment. The agars employed in this study include TSA YE, 
TSAYE+5%NaCl, and Modified Oxford Medium (MOX). The TSAYE formulation for 
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this experiment utilized a 0.6% concentration of yeast extract. Tryptic soy agar is 
general-purpose agar that supports both aerobic and anaerobic fastidious microorganisms 
(Difeo, 1998). Yeast extract is added to TSA in order to make it even more hospitable to 
the growth of injured L. monocytogenes cells. Yeast extract is the water-soluble portion 
of autolysed baker's yeast containing essential B vitamins as well as 11 other vitamins 
and 18 amino acids used by bacteria for growth (Difeo, 1998). The addition of yeast 
extract to TSA provides extra nutrients (vitamins, nitrogen, amino acids, and carbon) to 
injured L. monocytogenes cells to facilitate cellular repair and multiplication. The 
formulation for TSA YE+5% NaCl is identical to that of TSA YE except for the addition 
of sodium chloride (NaCl) to a concentration of 5% by volume. The addition of sodium 
chloride to TSA YE creates an osmotically stressful environment for cells to survive and 
grow in. This addition makes the agar selective for healthy, osmo-tollerant bacteria and 
fungi. Conversely, the NaCl content inhibits the growth of injured cells. The selective 
agar used in this experiment was Modified Oxford Medium, which is used to isolate L. 
monocytogenes from processed meat and poultry products (Difeo, 1998). MOX contains 
lithium chloride, moxalactam and colistin methane sulfonate, which serve as 
antimicrobial agents that completely inhibit gram-negative cells and most gram-positive 
cells after 24 hours (Difeo, 1998). As mentioned before, differentiation with MOX is 
possible due to the presence of ferric ammonium citrate and esculin. When L. 
monocytogenes hydrolyses esculin, it produces 6,7-dihydroxycoumarin (Difeo, 1998), 
which reacts with the ferric ammonium citrate to generate a blackening of the agar 
surrounding the colony. 
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Incidence, Attachment and Survival of L. monocytogenes in the 
Processing Environment 
The factors which contribute to post processing contamination of RTE foods from 
L. monocytogenes can be explained in three parts: the incidence of the bacterium within 
the processing facility, attachment to food contact surfaces, and the ultimate survival of 
the organism. This section will examine the sources and incidence of the bacterium 
within the context of a food-processing environment. 
Reservoirs of Contamination. Several studies exist that implicate numerous 
potential sources of contamination in the processing environment, the natural 
environment, and the home (Tompkin et al., 1999; Cox et al., 1989). L. monocytogenes 
has notoriously been found in floor drains, which allow for potential cross contamination 
of product or product contact surfaces (Tompkin et al., 1999; Mafu et al., 1990; Nelson, 
1990). Biofilm formation on the exterior cast iron surface and pipes of a floor drain may 
serve as a reservoir for L. monocytogenes, as well as a potential source of airborne 
contamination of product (Spurlock and Zottola, 1991 ). Biofilm formation occurs as 
organic and inorganic (in solution) materials sediment onto solid surfaces attracting 
biologically active cells (Zottola and Sasahara, 1994 ). There are many other reservoirs in 
a processing environment that can harbor L. monocytogenes including personnel, insects, 
rodents, packaging equipment, packaging, conveyors, palletizers, floors, coolers, trailers, 
dirty pallets, pipes and holding tanks (Tompkin et al., 1999; Snelling et al., 1991; Nelson, 
1990; Boyle et al., 1989; Stanfield et al., 1987). The organism can be spread in various 
ways inside a processing plant either by personnel, machinery, water, and possibly air 
(Reuters, 1999; Tompkin et al., 1999; Snelling et al., 1991; Nelson, 1990; Spurlock and 
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Zottola, 1991A; Spurlock and Zottola, 1991B; Goff and Slade, 1990; Boyle et al., 1990). 
The possibility of contamination from particulate vectors like dust or powdered products 
has been shown with the Zeeland, MI RTE meat plant outbreak of 1998 to 1999 (Reuters, 
1999). A study conducted by Spurlock and Zottola (1991B), indicated that L. 
monocytogenes Scott A and V37CE survived aerosolization for 210 min when initial cell 
densities were high (108 cfu/ml). Condensate or aerosols from overhead pipes, 
refrigeration units, fans, and forced water used for cleaning are speculated to either 
directly, or indirectly facilitate cross-contamination of food products (Tompkin et al., 
1999; Goff and Slade, 1990). 
The push to determine the sources of contamination by L. monocytogenes in 
processing environments initially came from the dairy industry during the mid-eighties 
after several large foodbome outbreaks. The first large outbreak to occur in 1985 
involved Salmonella typhimurium contaminated milk products from the Jewel Dairy plant 
of Chicago, IL. (CDC, 1985). The outbreak resulted in over 18,000 illnesses and 6 
deaths. In June of that same year, 314 cases oflisteriosis and 105 deaths were linked to 
cheese from Jalisco Mexican Products. The significantly higher mortality rate associated 
with listeriosis becomes apparent when the two outbreaks are compared. 
Causes of Recent Outbreaks. Many of the recent outbreaks of listeriosis are 
suspected to be due to environmental contamination of the product prior to packaging. L. 
monocytogenes' ability to adhere to a multitude of surfaces has been well documented 
(Briandet et al., 1999; Cunliffe et al., 1999; Smoot and Pierson, 1998). This is of major 
significance to the food processing community since many of the surfaces L. 
monocytogenes has been found to be capable of adhering to are used in the production of 
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foods. L. monocytogenes has also been found to be capable of surviving and attaching to 
surfaces under a number of environmental stresses. Attachment studies conducted by 
Smoot and Pierson (1998) found that L. monocytogenes was capable of attaching to 
stainless steel much more rapidly than to Buna-N-rubber under a range of temperature 
and pH values. The authors also determined that rates attachment to Buna-N-rubber 
differed with temperature. Buna-N-rubber is a nitrile based gasket material commonly 
used in food processing because of its resistance to oil, solvents and abrasion. The ability 
of L. monocytogenes to attach to surfaces commonly found in processing environments 
increases the difficulty of its control. Dickson and Daniels (1991) determined that the 
number of attaching L. monocytogenes cells is independent of inoculating surface film 
thickness (on a glass model), however, the motility of the organism enhances its ability to 
attach due to cell surface charge. 
CDC officials cited construction in the Bil Mar, Zeeland, Michigan plant as a 
likely source of the contamination from that outbreak. Inspectors theorized that dust 
from construction served as a vector for L. monocytogenes transmission onto the RTE 
meats post processing, but prior to packaging (Reuters, 1999). At that time, the plant's 
air handling system was being upgraded enhancing the risk of airborne particulate 
contacting their product and or product contact surfaces (Reuters, 1999). In their review 
of post processing contamination prevention, Tompkin et al. (1999) cited construction as 
a possible contributor to L. monocytogenes contamination. 
Sanitizers. Cleaning and sanitizing steps taken in processing areas may not 
eliminate L. monocytogenes from the environment if conducted improperly. Chemical 
sanitizers such as quaternary ammonium compounds, acidic anionic sanitizer, and iodine-
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based cleaners are commonly used in industry. Misuse of such cleaners can lead to the 
development of more resilient organisms. Pickett and Murano (1995) showed that, in the 
case of acidic anionic sanitizer, improper use could actually increase the ability of the 
organism to survive subsequent treatments if the first treatment is sublethal. The authors 
also showed no significant difference between the ability of chemically shocked L. 
monocytogenes and controls to attach to stainless steel. The formation of biofilms 
containing L. monocytogenes are of great concern due to such sublethal injury and the 
inability of most sanitizers to penetrate the protective layer of microbial polymers and 
food product used by organisms to form biofilms (Fatemi and Frank, 1999). 
Research has indicated that L. monocytogenes can persist in a regularly cleaned 
processing environment if cleaning is insufficient. Examination of 34 bulk tank sources 
of raw milk by Slade et al. (1989), showed that listeriae could be isolated from all but one 
of the tanks up to five months after the initial positive sample. The ubiquitous nature of 
Listeria spp. in the environment compounds this problem with the likelihood of 
recontamination (Cox et al., 1989). 
Ready-to-Eat Meat (RTE) Products and L. monocytogenes 
Ready-to-eat meats are typically processed meats such as beef, pork, turkey, 
chicken, lamb, or fish that have undergone a cooking or curing process sufficient to make 
them safe to eat without further cooking. Processed meats can take numerous forms 
including whole, ground, chunked, flaked, or chopped. These forms can then be 
restructured into luncheon meat (such as bologna or pressed ham), frankfurters or 
sausages, and deli roasts (Kastner and Kropf, 1986). The incidence of Listeria spp. in 
ground products such as these tends to be higher than that of fresh meats (Johnson et al., 
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1990). The extra human handling and processing steps required for processed meats 
increase potential exposure to Listeria spp. and lead to higher numbers in end products 
(Johnson et al., 1990). 
Grau and Vanderlinde (1992) studied the occurrence of L. monocytogenes in 
processed meats. The authors sampled 17 5 processed meats from retail stores and found 
that 93 (53%) tested positive for Listeria spp. These positive products were likely to have 
encountered the same source of contamination at the processing plant after thermal 
processing and peeling. Cross contamination from within the plant, or from uncooked 
product is likely if sanitation and Hazard Analysis Critical Control Point (HACCP) plans 
are not followed properly. 
An Example of a Typical Production Process for RTE Meats 
Frankfurters are composed of combinations of boneless beef, chicken, turkey or 
pork trim. The meat and spices are ground through a 3/8-inch plate and analyzed for fat 
content. The mixture is then placed in a chopper accompanied by ice, salt, spices and 
curing ingredients. Final ingredients and trim are added for the last phase of the 
chopping process, which is conducted under a vacuum. The mixture can be further 
emulsified according to the manufacturer's recipe before being stuffed into casings for 
cooking. Numerous types of casings such as natural, cellulose, fibrous, and collagen can 
be used depending on the type of product desired. Frankfurters are typically stuffed into 
cellulose casings due to their superior machine-ability and ease of removal. Typical 
thermal processing of frankfurters is accomplished by cooking in either large ovens or 
smokehouses and cooling in brine chillers. The casings are peeled away after the chilling 
process and the franks are then vacuum packaged (Sebranek et al., 2001). 
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Natural Microflora of RTE Meats 
The microflora of meat products changes substantially during the transition from 
raw meat to processed meat. Muscle tissue is generally considered to be sterile if 
unadulterated (Gill, 1982). Likely sources of contamination are the hair, hide, hooves, 
and gastrointestinal tract of the livestock all of which harbor a high number of bacteria 
(Patterson and Gibbs, 1978). The microflora of the hair and hide is typically made up of 
environmental organisms such as yeasts, mold, Staphylococcus spp., Pseudomonas spp., 
and Micrococcus spp. (Ingram and Simonsen, 1980). Hooves are associated with fecal 
organisms as well as soil organisms (Ingram and Simonsen, 1980). The microflora in an 
environment and thus the flora of the animals living in that environment depend on 
moisture and fecal material present in the soil (Ingram and Simonsen, 1980). Many 
animals carry and shed L. monocytogenes naturally showing no symptoms of listeriosis. 
Poultry for example, are known to carry Listeria spp. and have been found to be a 
significant source of contamination (Hoffmans, 1997). These bacteria from the exterior of 
the animal become the initial contaminants of the sterile meat via cross contamination. 
Many opportunities for cross contamination arise in the slaughter process. These include 
cross contamination from butchering tools such as knives, bone saws, workers' hands, 
aerosols from within the processing plant, and contaminated contact surfaces (Cox, 1996; 
Grau, 1986). 
Cross contamination from the gastrointestinal tract of a slaughtered animal may 
occur during the evisceration process if not performed properly. Handling and cutting of 
the intestinal tract may lead to spillage of its contents onto sterile muscle tissue. Other 
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carcass tissue could be exposed to intestinal contents by contaminated tools, workers, or 
contact surfaces (Doyle et al., 1997). 
Shift of Microflora. With respect to RTE meats, the microflora of such products 
shifts in several ways from its beginnings as raw meat to a finished sliced product. The 
raw meats might enter a processing facility with one set of microflora, however, the 
addition of other ingredients such as spices, emulsifying agents, and preservatives add 
new and different organisms to the mixture. In the case of frankfurters, processing for 70 
minutes to an internal temperature of 71 °C ( ~ l 60°F) should be capable of destroying 
organisms such as L. monocytogenes if present at 103 cfu/g inside the mixture (Buncic et 
al., 1990; Zaika et al., 1990). In practice, processors heat their products to higher 
temperatures (7 5°C) in order to increase the margin of safety associated with their 
products. Frankfurters, as well as other types of commercially processed meat products 
should leave the facility with no viable human pathogens, and very few non-pathogenic 
organisms. The final steps in the production of frankfurters and other RTE meats, 
however, are the most likely to result in cross-contamination by L. monocytogenes. The 
CDC has associated the highest number of samples positive for L. monocytogenes 
contamination with the peeling process versus other steps sampled in production (Wenger 
et al., 1990). The slicing process of luncheon meats such as bologna or sliced ham can re-
introduce both pathogenic and spoilage organisms to the cooked product before 
packaging. 
Spoilage. General spoilage of RTE meats manifests itself in three ways as 
described by Jay (1998): slimy spoilage, souring, and greening. Slimy spoilage is the 
result of discrete colonies that have expanded to form a slime layer on the surface of the 
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product (Doyle et al., 1997). Genera of organisms that typically cause the formation of 
slime are Lactobacillus, Enterococcus, yeasts and Brocothrix thermosphacta (Doyle et 
al., 1997). Souring takes place when the above organisms utilize lactose and other sugars 
to produce acids, which in tum, sour the meats (Doyle et al., 1997). Greening of 
vacuum-packaged RTE meats takes place when spoilage organisms produce hydrogen 
sulfide (H2S) or when the meat is exposed to hydrogen peroxide (H20 2), which can form 
on the meat surface upon exposure to the air (Doyle et al., 1997). 
Preservatives. RTE meats typically contain preservatives to inhibit the growth of 
pathogenic and spoilage organisms to maintain quality. In conjunction with 
preservatives, refrigeration is also used to inhibit spoilage and the growth of pathogens. 
When RTE meats are refrigerated, however, psychrotrophic bacteria such as L. 
monocytogenes are given a growth advantage over non-psychrotrophic organisms (Fu et 
al., 1995). As an added barrier to microbial growth, vacuum packaging is also commonly 
used. This induces an anaerobic type environment which L. monocytogenes is also 
capable of enduring as a facultative anaerobe (Marshall et al., 1991). Other factors used 
to inhibit microbial activity include: pH, water activity, chemical additives such as 
phosphate, nitrites, acetate, sodium lactate, and potassium sorbate, salt, and chemical 
smoking (Mitchell, 1994; Weiderquist et al. (1994). Phosphates and nitrites are used not 
only as preservatives, but serve as processing aids as well. Phosphate is used as a binding 
agent as well as a moisture retention tool, while nitrite is used as a curing agent that 
imparts a pinkish hue onto the meat for sensory concerns. Antimicrobial properties of 
nitrite include its ability to suppress the growth of Clostridium botulinum. The 
antimicrobial properties of phosphate have been studied by Flores et al., (1995), who 
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found that it is not as effective against L. monocytogenes, as it is against Escherichia coli 
O157:H7 in pork. Weiderquist et al. (1994) determined that concentrations of 0.5% 
acetate, 2.0% sodium lactate, or 0.26% potassium sorbate are capable of significantly 
reducing growth of L. monocytogenes in processed turkey bologna. The chemical 
smoking process used on many RTE hams and roasts, and frankfurters has been found to 
be effective against L. monocytogenes (Glass and Doyle, 1989; Messina et al., 1988). 
Combinations of these agents combined with HACCP and technologies like irradiation 
can be used in conjunction with good manufacturing processes to control L. 
monocytogenes in RTE products. 
Prevention by HA CCP and Assurance by Irradiation and Post 
Processing Interventions 
Because of L. monocytogenes ubiquitous nature, ability to contaminate products 
after processing, and ability to persist or grow in that product during storage, prevention 
steps at the production, regulatory and consumer levels are necessary. The most effective 
of these interventions at the production level are Hazard Analysis Critical Control Point 
(HACCP) systems, food irradiation, and post processing pasteurization. 
HACCP. The development of HACCP, which began in 1959 with the Pillsbury 
Corporation, has created a very useful tool for the prevention of foodbome illness A 
sound HACCP system maintains a well documented, and regulated check, of key points 
in a production process known as critical control points (CCP). Such points are essential 
for the production of a hazard free product (free of biological, chemical, or physical 
contaminants). An example of a CCP in the production of frankfurters is the 
maintenance of the prescribed time and temperature necessary to fully cook the product. 
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If this balance is not maintained or is poorly documented the product cannot be sold to 
consumers. The HACCP system is an excellent prevention step that can be used at the 
production level. 
Irradiation. The irradiation of food by electronic pasteurization or gamma 
irradiation has been shown to eliminate non-spore-forming foodbome pathogens such as 
L. monocytogenes. D10 values for L. monocytogenes range from 0.417-0.553 kGy 
(Patterson, 1989). Studies of the sensitivity of L. monocytogenes to gamma irradiation by 
Huhtanen et al. (1989) indicate that 2kGy is adequate to destroy 104 cells in solutions of 
organic material. The authors found that resistance to irradiation after surviving initial 
doses of up to 1.5 kGy was not detectable. With respect to RTE meats, a study using 
cured ham indicates that medium doses of 1.8 to 2.0 kGy were sufficient to reduce 
pathogen levels to undetectable levels (An-Hung et al., 1995). Irradiation serves as an 
intervention that can be used after products have been packaged thus preventing the 
introduction of any other contaminants. 
Post Processing Pasteurization. Other interventions used by the RTE meat 
industry include surface pasteurization, and post packaging pasteurization (Dickson, 
2001 ). Surface pasteurization of RTE meats is accomplished prior to packaging by a 
vacuum/steam/vacuum process where a vacuum is pulled over the product before and 
after pasteurization to remove excess water. The steam time and temperature used to 
surface pasteurize frankfurters against Listeria inocua was examined by Kozempel et al. 
(2000) who found that 126°C for 0.ls was sufficent to produce a 1.73 log10 reduction and 
138°C for 0.ls produced a 2.39 log10 reduction. Post packaging pasteurization can be 
accomplished by the use of steam or hot water to surface pasteurize RTE meats already in 
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the package. The use of 70 to 96°C water, and times from 30s to lOmin are used to 
extend shelf life and reduce risk from pathogens by pasteurization (Dickson, 2001). 
Conclusion 
The review of literature suggests that environmental sources of post processing 
contamination, i.e. airborne particulate and contact with contaminated surfaces and or 
sedentary particulate contribute much of the L. monocytogenes detected. The ubiquitous 
nature of L. monocytogenes in the environment and high mortality rate associated with it 
compels the food industry to resolve issues of post processing contamination. New 
methodologies and technology regarding the detection and destruction of the organism 
are necessary. Studies which implicate L. monocytogenes as being capable of surviving 
in a processing plant environment on either food contact surfaces or debris which has an 
opportunity to land undetected onto a contact surface require more corroboration. 
Hence, the primary focus of this research is to determine the survivability of L. 
monocytogenes on such vectors and to examine its ability to contaminate RTE meat 
products under such conditions. 
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CHAPTER 2. SURVIVAL AND RECOVERY OF LISTERIA MONOCYTOGENES 
ON READY-TO-EAT MEATS INOCULATED WITH A DESICCATED AND 
NUTRITIONALLY DEPLETED DUST-LIKE VECTOR 
A paper to be published in the J oumal of Food Protection 
M. A. De Roin, S. C. C. Foong, and J. S. Dickson 
Abstract 
A five-strain Listeria monocytogenes culture, including serotype 4b, was 
continually stressed under four nutritionally depleted and dry conditions to simulate post-
processing contamination by dust-like particulate carrying L. monocytogenes. The 
stresses included the use of a dust-like sand vector maintained at two different 
temperatures (10°C and 22°C) and either humid air, (40% RH or 88% RH) or complete 
desiccation. Irradiated, ready-to-eat (RTE) meats, including frankfurters, bologna, 
chopped ham, and deli-style roast beef were contaminated with L. monocytogenes carried 
on the sand vector. Inoculation was carried out every 2 to 3 days over a period of one 
and one half months. For each inoculation period, the RTE meats were vacuum-packed 
and stored at 4°C for 24 h. The populations of L. monocytogenes were recovered from the 
inoculated RTE meats by surface plating on non-selective and selective media. L. 
monocytogenes was projected to be capable of both surviving on the dust-like vector for 
over 70 days at 22°C and 0% RH, as well as repairing injury on, attaching to, and being 
recovered from the RTE meats after 24 h. 
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Introduction 
Many of the recent outbreaks of listeriosis are suspected to be due to 
environmental contamination of the product prior to packaging. L. monocytogenes' 
ability to adhere to a multitude of surfaces has been well documented (Smoot and 
Pierson, 1998; Briandet et al., 1999; Cunliffe et al., 1999). Approximately 500 of the 
1,250 estimated annual deaths from the top five pathogens (Campylobacter (all 
serotypes), Salmonella (nontyphoidal serotypes only), E. coli O157:H7, E. coli non-
O157:H7 STEC, and L. monocytogenes) are due to L. monocytogenes (ERS, 2001). 
Economically, the U.S. incurs an annual loss of $2.3 billion (33% of the total foodbome 
disease cost) to L. monocytogenes (ERS, 2001). 
Recent outbreaks of listeriosis associated with ready-to-eat (RTE) meat products 
have been attributed to post processing contamination of the products within the 
processing facilities. The Bil Mar outbreak of 1998 and 1999 resulted in 21 fatalities and 
approximately 100 reported cases of listeriosis (CDC, 1999). The company recalled 
35,000,000 lbs. of frankfurters and packaged meats (PSIS, 1998), costing the company 
$76 million in product loss, and $200 million in loss of sales after the recall (Young, 
1999). 
CDC officials cited construction in the Bil Mar, Zeeland, Michigan plant as a 
likely source of the contamination from that outbreak. Inspectors theorized that dust 
from construction served as a vector for L. monocytogenes transmission onto the RTE 
meats post processing, but prior to packaging (Reuters, 1999). At that time, the plant's 
air handling system was being upgraded enhancing the risk of airborne particulates 
contacting their product and or product contact surfaces (Reuters, 1999). 
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Little scientific evidence exists that definitively describes or characterizes the 
ability of L. monocytogenes to endure stress conditions associated with being transported 
onto a ready-to-eat product by a vector. This research was designed to test the ability of 
L. monocytogenes to endure such stress and characterize its ability to contaminate ready-
to-eat meat products when transported on a particulate vector similar to dust. 
MATERIALS AND METHODS 
Preparation of Sand to be used as a Vector 
A five-strain culture of Listeria monocytogenes including: Scott A (Food Safety 
Research Laboratory (FSRL) Culture collection), l/2a, and 4b was used in this 
experiment. With the exception of the Scott A strain, all strains were obtained as clinical 
isolates from the Bil Mar Foods outbreak of 1998 -1999 (CDC, Atlanta, GA). Each 
strain was first purified on modified oxford (MOX) agar (Difeo, Franklin Lakes, NJ) and 
transferred into 10 ml of tryptic soy broth (TSB) + 0.6% yeast extract (YE) (Difeo) then 
incubated at 37°C for 24 h. The individual strains were then combined into 500 ml 
TSB+0.6% YE by inoculating this medium with 1 ml from each of the five strains. This 
culture was then incubated for 30 h at 37°C in a Lab Line (New Brunswick, NJ) shaker 
incubator set at 120 rpm. 
Once incubation was complete, 45 ml portions of the mixed culture were 
centrifuged at 22°C at 1,271 RCF. After centrifugation, the supernatant was discarded 
and the pellets were resuspended in 500 ml Butterfield's phosphate solution (BPS) 
(Compendium of Methods for the Microbiological Examination of Foods, 3rd edition 
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1992). The mixed culture was mixed using a stir plate for five minutes to remove any 
remaining nutrients, then reharvested as previously described and resuspended in BPS 
(500 ml). The cell suspension was then combined with 700 g sterile, white quartz sand (-
50 + 70 mesh; Sigma Chemical Co. St. Louis, MO) in a sterile beaker. The beaker was 
covered with sterile foil and placed in a shaker incubator at 35.5°C, mixing at 150 rpm, 
for 20 min to homogenize the mixture as well as possible. After mixing, the mixture was 
allowed to equilibrate at 35.5°C for 24 h. 
After 24 h the remaining liquid portion of the sand/suspension mixture was 
decanted and discarded. A filtration apparatus was designed to remove the remaining 
liquid portion from the inoculated sand to facilitate desiccation (Figure 2.1). Briefly, the 
sand/liquid mixture was vacuum filtered through Whatman filter paper (11 µm; Fisher 
Scientific; Pennsylvania, PA). 
The inoculated sand was aseptically aspirated and placed into a sterile 
Comingware dish and was left for 24 h to dry completely at 22°C. This sand was divided 
into four approximately equal portions (by weight) and placed into sanitized, labeled 
Rubbermaid storage containers (25cm x15cm x 6.25cm; Winchester, VA). Containers A 
and B were stored at 10°C, while containers C and D were stored at room temperature 
(22°C). 
Table 2.1. Storage conditionsa of sand vector groups A - D. 
Group Temperature Relative Humidity 
A 10°c 88% 
B 10°c 0% (Desiccated) 
C 22°c 40% 
D 22°c 0% (Desiccated) 
a Monitored using ISO certified thermometer/hygrometer (Fisher Scientific) 
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Experimental Preparation of Ready-to-Eat Meats 
Four types of commercially available ready-to-eat (RTE) processed meats were 
selected for use in this study: frankfurters, light bologna, chopped ham (water added), 
and deli-style light roast beef (97% fat free). The products were sliced in half (excluding 
frankfurters) and repackaged in sets of twelve in Saran vacuum pouches (8.5 x 11"; 
Racine, WI). The deli-style roast beef was sliced with a Berkel meat-slicer (Laporte, IN) 
set at slicing thickness level one. The meats were subsequently irradiated at the Iowa 
State University Linear Accelerator Facility (located on-site). The RTE meats were 
irradiated to 7 kGy using an electron beam source to eliminate most of the naturally 
occurring microflora and were stored at 4 °C until use. 
Inoculation of RTE Meats With Sand Vector 
Inoculation of the RTE meats was carried out once every two days for the first 
eight sampling days, after which, inoculation was carried out once every three days. The 
irradiated RTE meats were aseptically removed from their packaging and placed 
individually into Nasca Whirl-Pak Filter bags (7.5" x 11"; Fort Atkinson, WI). The filter 
bags were separated into four groups (A to D) and inoculated using 0.5 g ( +/- 0.05 g) of 
sand from the corresponding treatment code. The bags were shaken to evenly cover the 
meat surface with sand. These bags were then vacuum-sealed using a Multivac vacuum 
packaging machine (model G-2; Kansas City, MO) and then incubated at 4°C for 24 h. 
Sampling of the Sand Vector 
Dilutions were made by placing 0.5 g of the sand into 10 ml of sterile BPS. 
Samples were vortexed for 20 sec at maximum speed before being plated with a DW 
Scientific Whitley Automatic Spiral Plater (West Yorkshire, England) onto tryptic soy 
44 
agar (Difeo) with 0.06% yeast extract (TSA YE)(Difeo ), tryptic soy agar with 0.06% 
yeast extract plus 5% (by volume) NaCl (TSA YE+5%NaCl) (Fisher Scientific), and 
MOX agar (Difeo). For samples that did not require dilution, a spread plating technique 
was utilized. One-half gram of inoculated sand was placed into a sterile 1.5 ml micro-
centrifuge tube along with 1 ml of BPS. The tubes were individually vortexed at the 
maximum speed for 20 seconds. Once homogenized, 50 µl of liquid from each of the 
samples was spread plated in duplicate onto TSA YE, TSA YE+5%NaC1, and MOX agar 
plates. Plates were incubated at 35°C for 24 to 48 hours. 
Sampling of the Inoculated Meats 
Whirl-Pak Filter bags containing the incubated samples were cut open just below 
the seal line using a sterile scalpel. Twenty milliliters of BPS diluent was added to each 
bag. Diluted samples were then homogenized for 30sec in a Techmar Stomacher 
(Cincinnati, OH). Samples were plated as previously described. 
Plate Counting and Data Analysis 
All petri plates were counted using a Synoptics Ltd. (UK) ProtoCol, (model 
60000), automated plate counter. The machine was calibrated for both spiral, and spread 
plates and sensitivity was adjusted for precision as necessary. Data was compiled using 
Microsoft Excel for Windows NT, 1998 and Science Software Products Sigma Plot 5.0. 
Statistical analysis of data was conducted using SAS version 8.1. 
Statistics. The intent of the data analysis was to minimize the variation 
attributable to initial population on the sand vector. Linear regressions were made to 
determine the Y -intercepts and slope for each topic of interest so that trends over time 
could be established. The slope data from each replicate was then averaged to generate 
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the overall trends. In all of the graphs, the Y- axis represents log10 cfu of L. 
monocytogenes per ml, and the slope of the linear regressions represents the rate of 
survival by sample day using the equation: 
y =Yo+ ax, where Yo= the Y-intercept, and a= slope. 
The X-axis of the graphs represents sample day only. Seventeen sample days 
were used in each of the three replications, samples were taken every two days for the 
first eight sample days shown and the remaining samples were taken every three days for 
a total of 43 actual days per repetition. 
RESULTS AND DISCUSSION 
The storage conditions under which the sand and thus, the five strain cocktail of 
L. monocytogenes was stored gives insight into the effects of temperature and humidity 
exposure over time. Groups A and B were subjected to 10°C refrigeration simulating the 
temperature found in the packaging area of RTE meat processing facilities. These two 
groups were further segregated by their exposure to relative humidity (RH). Group A 
was subjected to 88 % RH while group B was stored with a desiccant to ensure that the 
RH was as close to zero as possible. Groups C and D were treated similarly except that 
the temperature and RH values that group C was exposed to were 22°C and 40%. Group 
D was stored with desiccant at 22°c. 
Media. The three media used in this experiment provided insight into the level of 
injury sustained by the L. monocytogenes. Tryptic soy agar+ 0.6% yeast extract 
(TSA YE) was used as a non-selective medium that would afford all viable cells an 
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opportunity to repair themselves (if necessary) and multiply. Modified Oxford medium 
(MOX), and tryptic soy agar+ 0.6% yeast extract+ 5% sodium chloride (5% NaCl) were 
used as selective media. The selective pressures exerted by MOX and 5% NaCl differ. 
Modified Oxford medium exerts pressure on all L. monocytogenes cells. However, those 
cells that were injured were incapable of repairing on MOX and thus did not grow. 
Healthy L. monocytogenes cells grew, but not as well as those on the non-selective 
TSA YE. Siragusa et al. (1990) examined petite colony formation of L. monocytogenes 
on esculin containing agar and found that the inhibitory effects of the agar resulted in 
retarded growth. MOX utilizes esculin reduction as a means of differentiation for 
Listeria spp. versus other species. Those cells that were injured prior to 
placement on MOX may be retarded from growth altogether. 
Tryptic soy agar +0.6% yeast extract+ 5% sodium chloride inhibited injured cells 
by high osmotic balance via the high sodium chloride (NaCl) concentration of the 
medium. Esvan et al. (2000) examined the protein synthesis of L. monocytogenes Scott 
A under osmotic stress from NaCl and found that a number of stress proteins were 
produced that may aid it in enduring such stress. Although stress proteins allow the cells 
to survive and multiply, injured cells may not possess the ability to do so due to the 
osmotic imbalance. Gerhardt et al. (1996) found that trans-membrane potentials of L. 
monocytogenes were affected by osmotic stress. Ionic dissociation of NaCl into toxic 
Na+ and er may also result in physical cellular injury as well as trans-membrane 
potential disruption. Injured cells might have been incapable of repairing themselves 
and attaining the necessary nutrients required for such repair if their ionic transport 
systems were damaged or impeded. 
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Temperature and Humidity Effects on a Sand Vector Inoculated 
with L. monocytogenes 
Data from groups A through D (Figure 2.2; Temperature and humidity effects for 
sand vector on all media) suggested that L. monocytogenes carried on a sand vector 
stored at 10°C (A and B) were capable of both surviving longer and more easily 
recovered, thus possessing the capacity to contaminate RTE meat products longer than 
22°C (C and D). This data implied that less injury occurred to the L. monocytogenes cells 
at l0°C. L. monocytogenes was found to survive longer at 88% RH than under 
desiccation (B group). Following data trends from the experiment, projected survival (X-
intercept, based on linear regressions) of L. monocytogenes in days under these low 
temperature, low water activity (aw) and nutrient free environments was found to be 151 
days for Group A, 136 days for group B, 73 days for group C, and 82 days for condition 
D. 
Groups C and D from 22°C were found to be much less recoverable and to have a 
shorter survival time than the l0°C groups (Figure 2.2). The L. monocytogenes 
maintained at 22°C apparently sustained far more injury than their counterparts at 10°C. 
With respect to RH exposure, the desiccated group D was found to persist longer and 
contaminate RTE meat products longer than the non-desiccated group C. 
Comparison of Treatments vs. Media 
The results from storage condition A, which was expected to be the most 
favorable of the four conditions due to the slowing effect of low temperature on the cells' 
metabolism, indicated that the selective media (MOX and 5% NaCl) were more 
successful in recovering L. monocytogenes overall within storage group A than TSAYE 
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(Figures 2.3, and 2.7). This finding was contradictory to the expected behavior that 
would hold TSA YE as the most successful medium for the recovery of L. monocytogenes 
from the sand vector and the meats contaminated with the sand vector. Trends for each 
of the agars were similar with a difference of <0.005° in slope (Figure 2.3). Populations 
of recovered L. monocytogenes were smaller from TSA YE than the other two media, but 
the difference was less than one log10 cfu/ml between media, which was not significant. 
Treatment groups B, C, and D behaved as expected where the highest recovered 
populations of L. monocytogenes from the sand vector and meats came from the non-
selective TSA YE. Comparison of slope data from the three media revealed that the daily 
survival rate (slope) was highest for TSA YE, followed by MOX, while populations 
enumerated on 5% NaCl had the lowest daily survival rate of the three media. Recovered 
population values also differed between each of the three types of media, but were 
highest under group D where TSA YE possessed the least negative slope, hence the 
highest daily survival rate (Figures 2.6 and 2.7). 
Treatment A. Regarding the effects of temperature and humidity upon L. 
monocytogenes carried on a nutritionally depleted and dry vector, it was expected that 
group A (10°C, 88% RH) would yield optimal results when compared to the other 
treatments. The lowered temperature was expected to limit metabolic activity, therefore 
prolonging the onset of any negative effects such as starvation or dehydration of the 
bacteria. The high RH was also expected to limit the onset of physical damage to the 
cells due to rapid drying by slowing the drying process. Group A tended to yield the 
highest populations of recovered cells and possessed the highest daily survival rate 
(slope) (Figure 2.2). 
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A smaller difference in recovery of injured cells vs. healthy cells as observed with 
group A was expected. This distinction between healthy and injured cells could be made 
by comparison of populations recovered from non-selective TSA YE vs. MOX and/or 5% 
NaCl. Since the conditions of group A were generally more favorable for a longer period 
of survival than the other conditions, the proportion of healthy vs. injured cells should be 
smaller as indicated by the proportion of cells recovered from TSA YE against the 
populations recovered by the selective media. The data from this experiment 
(Figures 2.3 and 2.7), however, indicated that L. monocytogenes from treatment B were 
recovered in larger numbers on TSA YE than treatment A. Higher populations were 
recovered on the two selective media vs. TSA YE (Figure 2.3). The other treatment and 
media combinations, B, C, and D (Figures 2.4, 2.5, 2.6, 2.8, and 2.9) behaved as expected 
where L. monocytogenes from group A was recovered in higher numbers on TSA YE than 
from MOX and 5% NaCl. 
Treatment B. Treatment B (l0°C, Desiccated) was expected to produce similar 
results to treatment A in that the lower temperature would slow metabolic activity. The 
desiccation of the vector was expected to produce more injury and result in a more rapid 
decrease in detectability. On non-selective TSA YE, group B was found to produce 
higher detectable populations than group A (Figure 2.7). The selective media produced 
the predicted results indicated by lower recovered populations than those of group A, but 
larger recovered populations than groups C and D. The slopes from the regressions, 
which indicated daily survival rate, were similar for groups A and B. Slight differences 
in slope existed between A and B when media for the two groups were compared (within 
-0.001 ° on TSA YE, -0.02° on MOX, and -0.02° on 5% NaCl). The slightly lower rates of 
50 
daily survival on MOX and 5% NaCl were indicative of a gradual increase in 
unrecoverable, injured cells. 
Treatment C. Treatment C (22°C, 40% RH) was designed to simulate conditions 
found in non-refrigerated areas within a processing facility. The elevated temperature 
was expected to maintain normal metabolic activity within the L. monocytogenes cells 
resulting in a higher degree of overall injury due to starvation. Enzymatic activity should 
not have been kinetically impeded at 22°C, where as it should have been slowed at 10°C. 
With no nutrients available, the cells were thought to utilize their nutrient stores faster 
and to have entered a state of injury more rapidly than those cells stored at 10°C. This 
depletion of nutrients was compounded, however, by the lack of moisture in the 
simulated environments. The results obtained from the experiment suggested that faster 
depletion of cellular nutrient stores at 22°C was a likely explanation for the rapid decline 
in populations within this group as indicated in Figure 2.2. The daily survival rate for 
group C was much lower than for other groups on each of the three media used (Figures 
2.5, 2.7, 2.8, and 2.9). Only slight differences in survival rate between media could be 
detected. Tryptic soy agar + 0.6% yeast extract yielded the highest (least negative) rate 
of survival (-0.2160°) (P <0.0001), next MOX (-0.2492°) (P <0.0001) while 5% NaCl 
yielded the lowest rate (-0.2530°) (P <0.0001) (Figure 2.5). As with the other treatment 
conditions, the osmotic stress of 5% NaCl and the antimicrobial pressures of MOX were 
expected to generate lower recovered populations. 
Treatment D. According to the hypothesis that a refrigerated, but moist 
environment would result in greater survival of L. monocytogenes on the sand vector, 
treatment D (22°C, Desiccated) was expected to yield the lowest populations of all four 
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treatments. The elevated temperature combined with desiccation was expected to cause 
the most injury to the L. monocytogenes cells. The daily survival rate of group D, 
however, proved to be higher than group C (Figure 2.2). This combined with the 
elevated populations of group B on TSA YE (Figure 2. 7) suggested that the desiccated 
state activated the formation of stress proteins, which enabled the desiccated cells to 
persist longer than those cells with more available moisture. The daily survival rate 
(slope) associated with cells from group D recovered on TSA YE was only 0.0304° higher 
than that of the most negative of the two selective media (Figure 2. 7, TSA YE slope = -
0.1843, MOX slope= -0.2127, 5% NaCl slope= -0.2147) (P <0.0001 for each). 
Contamination of RTE Processed Meats by L. monocytogenes Using a Sand Vector 
Four RTE processed meat products, frankfurters, bologna, chopped ham, and deli-
style roast beef were found to behave similarly when inoculated with L. monocytogenes 
carried on a low aw, and nutritionally depleted vector. An increase in population recovery 
associated with the RTE meats was found to occur in all instances and was <1.5 log10 
cfu/ml greater on the meats after inoculation and cold storage for 24 hours than 
populations were on the sand vectors. This difference increased over time (Figure 2.10). 
Only slight differences arose in the behavior of the four meats. The trends representing 
each of the inoculated meats were very similar in slope and were within 0.5 log10 cfu/ml 
population (Y-value) in starting point from each other. Differences arose, however, when 
the trends and populations of the four meats were compared to the sand vector. The 
slopes of such trends (which represent the survival rate of L. monocytogenes by sample 
day) were expected to be very similar, but that the bacterial populations (Y-value) would 
still be greater for the meats than on the vector, which would indicate increased recovery 
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of the bacteria. The survival rates of the L. monocytogenes associated with the meats and 
vector differed (Figures 2.10, 2.11, 2.12, and 2.14). This suggested that the L. 
monocytogenes present on the sand underwent some change over time that resulted in 
either more rapid cell death or a loss of recoverability. The number of cells present on 
the sand vector most likely fell below the maximum sensitivity of the enumeration 
method. Comparison of the daily survival rate of L. monocytogenes from group C vs. the 
sand inoculated meats showed this effect to a lesser extent (Figure 2.13). The trends of 
both the meats and the vector group C are quite similar suggesting that the accumulation 
of injured cells occurred early in the experiment and remained constant as time 
progressed. Differences in population between meats and the vector existed due to an 
increased number of recoverable cells after they were allowed to repair themselves during 
incubation with the meats. 
Contamination of Meats 
Examination of the four RTE meats used (frankfurters, bologna, chopped ham, 
and deli-style roast beef) compared to the four vector treatments revealed differences in 
the ability of L. monocytogenes from the sand vectors to repair themselves and thus 
contaminate the RTE meats. Those RTE meats inoculated with sand vector from group 
A (Figure 2.11) indicated a higher daily survival rate of the L. monocytogenes and 
therefore a higher capacity of the bacteria to contaminate RTE meat products longer than 
other temperature and RH combinations using the same vector. Frankfurters proved to be 
the most favorable for L. monocytogenes growth while deli-style roast beef (processed) 
proved to be the least favorable for growth. This may be due to inhibitory ingredients 
added to the roast beef or from the production process, which would also serve to inhibit 
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cellular repair (Figure 2.10). The largest difference in survival rate between the deli-style 
roast beef and the other meats occurred when the roast beef was inoculated using L. 
monocytogenes from vector group C (Figure 2.13). This difference, however, did not 
result in more than 0.5 log10 cfu/ml difference in recovered population of L. 
monocytogenes between deli-style roast beef and the other meats which was too small to 
consider significant. As previously described, group C possessed the highest number of 
stressed cells which, when combined with less than favorable growth conditions such as a 
high sodium chloride concentration and/or preservatives such as sodium phosphate and 
sodium nitrate, might result in lower populations of recovered cells due to the lack of 
repair. Lower populations of detectable L. monocytogenes would account for the reduced 
daily survival rate for deli-style roast beef. 
Comparison of Meats vs. Media 
The trends observed for the non-selective TSA YE indicated a higher daily 
survival rate for all four types of meat than those associated with the MOX, and 5% NaCl 
media (Figures 2.15, 2.16, and 2.17). Populations associated with TSAYE from all four 
of the meats were similar, yet higher cell counts were obtained consistently from 
frankfurters, while fewer cell counts were obtained on bologna, chopped ham, and deli-
style roast beef, respectively (Figure 2.15). Deli-style roast beef showed consistently 
lower (detectable) populations of L. monocytogenes, although this difference was less 
than 0.36 log10 cfu/ml. Results from TSA YE indicated a difference of >2.0 log10 cfu/ml 
for all of the meats vs. the sand vector (Figure 2.15). This difference is likely to have 
resulted from enhanced repair abilities of the L. monocytogenes grown on TSA YE as well 
as the inability of the enumeration method to detect low numbers of cells on the sand 
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vector. Population difference between meats sampled using MOX media and the sand 
vector (Figure 2.16) indicated a difference of> 1.4 log10 cycles while 5 % NaCl media 
(Figure 2.17) showed a difference > 1.3 log10 cycles for all of the meats. This difference 
between the recovered populations from TSA YE and the selective media indicated the 
presence of injured L. monocytogenes undetectable by selective media. The L. 
monocytogenes recovered from the four meats had been provided with a favorable repair 
and growth environment compared to that of the sand. Some cells, however might not 
have been capable of fully repairing themselves within the 24h incubation period. The 
difference in daily survival rate associated with the media used to recover the L. 
monocytogenes from the meats could again, be attributed to the selectivity of the media. 
Daily survival rates from TSA YE, MOX, and 5% NaCl indicated a difference of <0.05 
between the slopes of each of the three, but the slope of the regression line of TSA YE 
was more positive indicating better survival. As seen before, the daily survival rate of L. 
monocytogenes on the sand vector regression lines from Figures 2.15, 2.16, and 2.17 
showed a decline in detectability of the bacteria while the populations on the inoculated 
meats did not show this trend. This again indicated that the cells might be experiencing 
an increase in injury surviving solely on the sand vector in comparison with the L. 
monocytogenes from the vector that had been inoculated onto RTE meats, which 
indicated repair of the cells. 
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CONCLUSION 
Recent outbreaks of listeriosis associated with RTE processed meats, specifically 
the Bil Mar Foods outbreak (CDC, 1999), have been attributed to environmental 
contamination. This requires more scientific explanation as to the feasibility of airborne 
particulate such as dust carrying L. monocytogenes to be a potential source of 
contamination. Data from this experiment indicated that L. monocytogenes can survive 
both desiccation and nutrient depletion on the surface of a dust-like vector and then 
contaminate a RTE meat product. 
The complex composition of dust in a single location varies by a large number of 
factors from day to day and thus would be a difficult model for scientific study. The sand 
model used was a repeatable and controllable system to utilize for such a study. The sand 
vector model system represented a worst-case scenario in many ways. No nutrients were 
available on the sand used as a vector and it was capable of being desiccated quickly and 
effectively. Dust in a food processing area would have much more potential to harbor 
nutrients and moisture as a result of its constituents and or its environment thus serving as 
a wholesome and protective environment for the bacteria. 
Based on the data observed, L. monocytogenes is capable of enduring a dust-like 
environment and contaminating RTE meats better under refrigerated, high relative 
humidity conditions similar to those of a RTE meat-processing environment. Drying 
plays a role in limiting the survival of the pathogen over time, but does not limit its 
ability to repair and flourish once it encounters a favorable environment as seen with 
groups C and D (Figures 2.13 and 2.14). Temperature plays a role in limiting the 
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survival of L. monocytogenes on a dust-like vector over time. L. monocytogenes from 
those groups held at 10°C were found to survive longer and to contaminate RTE meats 
longer than those held at 22°C. This may be attributed to differences in metabolic 
activity. More research is necessary to explain the metabolic activity of cells placed 
under this type of stress and the ability of the bacterium to repair itself under conditions 
found on RTE meats. 
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Groups A - D by Sampling Day 
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Figure 2.2. Temperature and relative humidity effects on L. monocytogenes stored on 
sand vector by sample day. (Composite of all media results) 
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Comparison of Treatment A: TSA YE, MOX, and 5% NaCl 
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Group A (10°C, 88% RH) populations recovered and daily survival rates 
on TSA YE, MOX, and 5% NaCl compared by sample day. 
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Comparison of Treatment B: TSA YE, MOX, and 5% NaCl 
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Group B (10°C, Desiccated) populations recovered and daily survival rates 
on TSA YE, MOX, and 5% NaCl compared by sample day. 
Figure 2.5. 
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Comparison of Treatment C: TSA YE, MOX, and 5% NaCl 
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Group C (22°C, 40% RH) populations recovered and daily survival rates 
on TSA YE, MOX, and 5% NaCl compared by sample day. 
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Figure 2.6. 
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Comparison of Treatment D: TSA YE, MOX, and 5% NaCl 
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Group D (22°C, Desiccated) populations recovered and daily survival rates 
on TSA YE, MOX, and 5% NaCl compared by sample day. 
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Figure 2.7. 
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Comparison of TSA YE by Treatments 
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Recovery of L. monocytogenes from treatment groups A through D on 
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Figure 2.8 . 
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Comparison of MOX by Treatments 
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Recovery of L. monocytogenes from treatment groups A through D on 
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Figure 2.9. 
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Comparison TSA YE+ 5% NaCl by Treatments 
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Recovery of L. monocytogenes from treatment groups A through D on 
TSA YE+ 5% NaCl. 
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Comparison of Meats (Overall) 
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Figure 2.10. Population trends of L. monocytogenes inoculated onto four types of 
ready-to-eat processed meats by all treatments of the dust-like vector. 
This figure is an average of population recovery from of all media used in 
the experiment. 
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Comparison of Meats by Treatment A (10°C, 88% RH) 
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-- Deli-Style Roast Beef 
-- Sand Vector 
Figure 2.11. Population trends of L. monocytogenes inoculated onto four types of 
ready-to-eat processed meats by a dust-like vector stored at 10°C and 88% 
RH. 
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Comparison of Meats by Treatment B ( 10°C, Desiccated) 
0 2 4 
-- Bologna 
-- Frankfurters 
-- Chopped Ham 
-- Deli-Style Roast Beef 
-- Sand Vector 
6 8 
Sample Day 
12 14 16 18 
Figure 2.12. Population trends of L. monocytogenes inoculated onto four types of 
ready-to-eat processed meats by a dust-like vector stored desiccated at 
10°c. 
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Comparison of Meats by Treatment C (22°C, 40% RH) 
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Figure 2.13. Population trends of L. monocytogenes inoculated onto four types of 
ready-to-eat processed meats by a dust-like vector stored at 22°C and 40% 
RH. 
71 
Comparison of Meats by Treatment D (22°C, Desiccated) 
.--------------, Sample Day 
-- Bologna 
-- Frankfurters 
-- Chopped Ham 
-- Deli-Style Roast Beef 
-- Sand Vector 
Figure 2.14. Population trends of L. monocytogenes inoculated onto four types of 
ready-to-eat processed meats by a dust-like vector stored desiccated at 
22°c. 
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Comparison of Meats by TSA YE 
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Figure 2.15. Recovered populations of L. monocytogenes on TSA YE from four ready-
to-eat processed meats and the sand vectors used to inoculate them. 
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Comparison of Meats by MOX 
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Figure 2.16. Recovered populations of L. monocytogenes on MOX from four ready-to-
eat processed meats and the sand vectors used to inoculate them. 
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Comparison of Meats by TSA YE+ 5% NaCl 
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Figure 2.17. Recovered populations of L. monocytogenes on TSA YE+ 5% NaCl from 
four ready-to-eat processed meats and the sand vectors used to inoculate 
them. 
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CHAPTER 3. SURVIVAL AND RECOVERY OF LISTERIA MONOCYTOGENES 
ON READY-TO-EAT MEATS INOCULATED WITH A NUTRITIONALLY 
DEPLETED CONDENSATE-LIKE VECTOR 
Overview 
A five-strain Listeria monocytogenes culture, including serotype 4b, was 
continually stressed at 10°C and 22°C in a nutritionally depleted, buffered, condensate-
like solution. Irradiated, ready-to-eat (RTE) frankfurters were contaminated with the 
inoculated condensate-like vector. Inoculation was carried out once a week for three 
weeks. For each inoculation period, the frankfurters were vacuum-packed and stored at 
4°C for 24h. The populations of L. monocytogenes were recovered from the inoculated 
frankfurters by surface plating on non-selective and selective media. L. monocytogenes 
was found to be capable of surviving in the condensate-like solution-for two weeks at 
10°C and for only 1 week stored at 22°C. L. monocytogenes was found to be capable of 
contaminating RTE frankfurters by vector transmission from both temperatures, however, 
since the L. monocytogenes was more persistent at 10°C, it was able to contaminate the 
RTE meat for a longer period of time. 
Introduction 
Contamination by L. monocytogenes carried by condensation is of concern to the 
RTE meat industry, however, published information on the subject is scarce. Condensate 
forms when moist air contacts a cool surface. In a RTE meat processing facility such as a 
frankfurter manufacturer, steam is generated for use in the peeling process. This steam is 
released into an area maintained below 10°C and results in the formation of condensate 
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on ceilings, light fixtures and equipment. Air handling systems that refrigerate the air 
also work to remove moisture from the air and collect moisture in drip pans that may also 
serve as reservoirs for L. monocytogenes. Examination of L. monocytogenes' ability to 
survive in non-chlorinated water with minimal to no nutrient content will provide 
industry and government with information that will be useful in plant layout and 
equipment design. 
Materials and Methods 
Preparation of Culture 
A five-strain culture of Listeria monocytogenes including: Scott A (Food Safety 
Research Laboratory culture collection), l/2a, and 4b were used in this experiment. With 
the exception of the Scott A strain, all strains were obtained as clinical isolates from the 
Bil Mar Foods outbreak of 1998-1999 (CDC, Atlanta, GA). Each strain was first purified 
on modified oxford (MOX) agar (Difeo, Franklin Lakes, NJ) and transferred into 10 ml 
of tryptic soy broth (TSB) + 0.6% yeast extract (YE) (Difeo) and incubated at 37°C for 
24 h. The individual strains were then combined into 500 ml TSB+0.6% YE by 
inoculation with 1 ml from each of the five strains. This culture was then incubated for 
30h at 37°C in a Lab Line (New Brunswick, NJ) shaker incubator set at 120 rpm. 
Preparation of Inoculum (Simulated Condensate) 
Once incubation was complete, 45 ml portions of the mixed culture was 
centrifuged at 22°C at 1,271 RCF. After centrifugation, the supernatant was discarded 
and the pellets were resuspended in 500 ml Butterfield's phosphate solution (BPS) 
(Buffered de-ionized (DI) water) (Compendium of Methods for the Microbiological 
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Examination of Foods, 3rd edition 1992). The mixed culture was resuspended using a stir 
plate for five minutes and washed twice as previously described to remove any remaining 
nutrients and finally resuspended in BPS (500 ml). Twenty-five milliliter portions of the 
suspension were dispensed into 30 ml Costar (Cambridge, MS) tissue culture flasks. 
Twelve samples were prepared for each of the three repetitions of this experiment. Six of 
the twelve were stored at 10°C (group A), while the others were stored at 22°C (group 
B). 
Inoculation of Frankfurters 
Samples were prepared once every week for three weeks. Electron beam 
irradiated (7 kGy; Iowa State University Linear Accelerator Facility) frankfurters were 
aseptically placed into Nasca Whirl-Pak Filter Bags (7.5 x 11") (Fort Atkinson, WI) prior 
to inoculation. One milliliter of inoculum from both groups A and B was dispensed 
individually onto the surface of the appropriate frankfurter. The bags were then vacuum-
sealed and stored at 4 °C for 24 h. 
Sampling of Inoculum 
The BPS suspension used to inoculate the frankfurters was sampled at the same 
time point as the frankfurter inoculation. In repetitions one and two, the inoculum was 
directly plated onto tryptic soy agar (Difeo) with 0.06% yeast extract (Difeo) (TSA YE), 
and modified oxford medium (MOX) (Difeo) using a DW Scientific, Whitley Automatic 
Spiral Plater (West Yorkshire, England). In the final repetition, 100 µl of the suspension 
was spread plated onto TSA YE and MOX for increased sensitivity. All plating was done 
in duplicate and plates were incubated for 24 to 48 h at 35°C. 
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Sampling of the Inoculated Meats 
Whirl-Pak Filter bags containing the incubated samples were cut open just below 
the seal line using a sterile scalpel. Twenty milliliters of BPS diluent was added to each 
bag (10 ml used in reps 2 and 3 to increase sensitivity of recovery). Diluted samples 
were then stomached for 30 sec in a Techmar Stomacher (Cincinnati, OH). Samples 
were plated onto TSA YE (Difeo), and MOX (Difeo). Plating was conducted in duplicate 
with a DW Scientific, Whitley Automatic Spiral Plater (West Yorkshire, England). In the 
third repetition, the samples were spread plated (100 µl) to increase sensitivity. All plates 
were incubated for 24 to 48 h at 35°C. 
Plate Counting and Data Analysis 
All petri plates were counted using a Synoptics Ltd. (UK) ProtoCol, (model 
60000), automated plate counter. The machine was calibrated for both spiral, and spread 
plates and sensitivity was adjusted for precision as necessary. Data was compiled using 
Microsoft Excel for Windows NT, 1998 and Science Software Products Sigma Plot 5.0. 
Results and Discussion 
Two temperatures were used in this experiment to examine survival of L. 
monocytogenes in a nutrient depleted but moist vector contained in either a refrigerated 
(10°C; Group A), or room temperature (22°C; Group B) environment. The simulated 
condensate was sampled once every seven days for twenty-one days to test for 
populations of surviving L. monocytogenes and its ability to contaminate RTE 
frankfurters. 
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Results from 10°C indicated that L. monocytogenes was capable of persisting in 
the simulated condensate for at least three weeks before becoming undetectable. The 
simulated condensate was sampled using TSA + 0.6% yeast extract (TSA YE), and 
modified oxford medium (MOX). Figure 3.1 indicated better recovery using MOX for 
the first sample day than TSA YE. In weeks two and three, however, L. monocytogenes 
was best recovered using TSA YE. This indicated that the L. monocytogenes that were 
recovered by the MOX were better equipped to grow on a medium such as MOX where 
selective pressure was high due to antibiotic pressures as compared to non-selective 
TSA YE. Under a state of stress, these cells may produce stress proteins which enabled 
them to multiply more efficiently under the selective pressures of MOX, but left them 
less equipped to multiply on TSA YE. At weeks two and three, however, recovery of 
cells on TSA YE surpassed that of MOX. A change in the type of injury during weeks 
two and three may account for this phenomenon. 
Microbiological data from the frankfurters inoculated with the simulated 
condensate indicated that it was possible for contamination to take place. Results showed 
that populations of L. monocytogenes recovered using TSA YE from the frankfurters were 
1.27 log10 cfu/ml less than populations recovered from the simulated condensate for the 
first week. Modified oxford medium results indicated a 1.38 log10 cfu/ml difference. In 
the second and third week, the differences for TSA YE were 0.94 and 1.05 log10 cfu/ml 
and MOX results were 0.99 and 1.02 log10 cfu/ml less than the inoculum (Figure 3.1). 
This loss of detection for approximately 1 log10 cfu/ml of L. monocytogenes between the 
inoculum and frankfurters was attributed to attachment of the bacterium to the 
frankfurters. Incubation of the inoculated frankfurters for 24 hours was believed to be 
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sufficient for repair of injured cells. Higher populations of cells recovered from the 
inoculum suggested that the cells were either not as injured in the simulated condensate 
or more easily detected by plating. The more likely explanation attributed the loss 
recoverability of cells to attachment. 
At 22°C the survival time of L. monocytogenes was decreased. Populations in the 
simulated condensate became undetectable on TSA YE after the second week, while 
plating on MOX did not detect any cells past the first week indicating possible injury of 
the cells (Figure 3.2). The data indicated a reduction of >2 log10 cfu/ml detectable cells 
on TSA YE between weeks one and two. This reduction was likely due to the continued 
metabolic activity of the organism. In a moist environment at 22°C, it was suspected that 
L. monocytogenes maintained its metabolic activity until it utilized all of its stored 
nutrients resulting in starvation and ultimately cell death. In contrast, those cells stored at 
10°C might have experienced a slowed metabolic rate at that temperature. With a slowed 
metabolism, the 10°C cells would have taken more time to experience starvation. This 
theory would explain the rapid loss of viability of the cells stored at 22°C. To ensure that 
the cells experienced fatal injury rather than simply becoming undetectable, the 22°C 
group condensate-like vector was enriched using UVM and Fraser broths (as described in 
Chapter 1). No L. monocytogenes could be detected after the second week in any of the 
repetitions using this method. 
In the first week, it was possible to contaminate frankfurters with L. 
monocytogenes carried by the condensate from 22°C. No difference in detectability 
between TSA YE and MOX was found at week one. The same loss of detectable cells (as 
seen with the 10°C group) was observed for the 22°C frankfurters vs. their inoculum. 
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Losses of 0.68 log10 cfu/ml for TSA YE and 1.24 log10 cfu/ml for MOX were found 
(Figure 3.2). This again was likely to have been caused by attachment of L. 
monocytogenes to the frankfurters. No recoverable cells were found to contaminate 
frankfurters in weeks two and three. 
Conclusion 
Recent outbreaks of listeriosis associated with RTE processed meats, specifically 
the Bil Mar Foods outbreak, have been attributed to environmental contamination. This 
requires more scientific explanation as to the feasibility of airborne moisture or 
condensation droplets carrying L. monocytogenes to either cause or contribute to such an 
outbreak. The composition of condensate will vary with location and the conditions 
under which it is formed. The use of BPS which is simply buffered (pH 7 .0) de-ionized 
water was a logical model substrate due to concerns of repeatability. 
This experiment was designed to test the ability of L. monocytogenes to survive in 
a nutrient free condensate-like substrate and its ability to use the substrate as a vector to 
contaminate RTE frankfurters. It was determined by this experiment that L. 
monocytogenes was capable of surviving in such a substrate for up to three weeks at 10°C 
and was able to contaminate frankfurters throughout that time. It was also determined 
that at 22°C, L. monocytogenes remained viable for two weeks, but was only capable of 
contaminating frankfurters for one week. More research into the metabolism of L. 
monocytogenes held in a moist medium with no available nutrients is necessary to fully 
understand the findings of this experiment. 
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Figure 3.1. 
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Condensate Group A: 10°C 
4 
3 
2-------~------~-----~------------l 
0 2 3 4 
Sample Week 
-- Inoculum - TSA YE 
-- Inoculum - MOX 
-- Frankfurters - TSA YE 
-- Frankfurters - MOX 
Survival of L. monocytogenes inoculated into condensate stored at 10°C 
and its ability to contaminate frankfurters over time. 
Figure 3.2. 
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Condensate Group B: 22°C 
0 
-- Inoculum - TSA YE 
-- Inoculum - MOX 
-- Frankfurters- TSA YE 
-- Frankfurters - MOX 
2 
Sample Week 
3 4 
Survival of L. monocytogenes inoculated into condensate stored at 22°C 
and its ability to contaminate frankfurters over time. 
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CHAPTER 4. GENERAL CONCLUSIONS 
General Discussion 
The results of these two experiments indicated that L. monocytogenes has the 
ability to both survive the environmental stresses associated with microcosms such as dust 
or condensate, and to use them as vectors to contaminate RTE meat products. Both 
studies indicated, however, that L. monocytogenes was more capable of enduring these 
stresses under refrigerated (10°C) temperatures rather than at room temperature (22°C). 
The availability of moisture also played a role in the survival time of L. monocytogenes on 
the simulated-dust vector, where those cells maintained at 10°C with exposure to humidity 
survived longer than their desiccated counterparts. The 22°C simulated-dust vector 
exposed to moisture survived for the least amount of time while its desiccated counterpart 
faired better. This suggested that the relative humidity (RH) which, if low, would 
facilitate drying thus accelerating to the demise of the cells. Conversely, high relative 
humidity would impede the drying process and aid in the survival of the cells. Those cells 
held at 10°C with high RH experienced a slowed metabolic rate due to temperature and 
hence survived longer. The high levels of available moisture, which contributed to the 
greater survival time, slowed complete desiccation of the cells. 
Table 4.1. Projected survival (in days) of Listeria monocytogenes on a dust-like vector a 
Group Temperature Relative Humidity Estimated Survival Time (Days) 
A 10°c 88% 151 
B 10°c 0% 136 
C 22°c 40% 73 
D 22°c 0% 82 
a Projected survival based on linear regressions. 
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The peeling and packaging areas of a RTE meat processing plant are maintained 
at l0°C and the RH in such areas would be higher than 40% especially if a steam peeling 
process were to be used. According to the data, this would be an optimal environment for 
L. monocytogenes to persist on a dust-like vector for several months. Also, low 
temperature and high humidity combinations found in those areas of a processing plant 
lend themselves to the formation of condensate, which as demonstrated, may also serve 
as a vector for L. monocytogenes. L. monocytogenes possesses the survival abilities to 
become a persistent and systemic contaminant within a processing area. 
L. monocytogenes is ubiquitous in the environment and has been isolated in 
numerous locations as indicated by the literature review in chapter one. L. 
monocytogenes carried on a vector such as dust or condensate located in the peeling and 
or packaging area of a RTE processing facility would be capable of contaminating 
product after processing if contact should occur. The potential for post processing 
contamination of RTE product as well as raw ingredients would then also become 
persistent and systemic throughout the processing plant. 
The ability of L. monocytogenes to utilize a vector to contaminate a RTE food 
product has been established, but the exact course of events necessary for L. 
monocytogenes to become associated with a vector such as dust or condensate still 
requires study. An infinite number of possible routes exist. As discussed in chapter one, 
floor drains have been found to harbor L. monocytogenes. Spraying high-pressure water 
during a cleaning operation onto a contaminated drain might result in the aerosolization 
of the organism and result in direct post processing contamination of product or generate 
conditions for the indirect contamination of product. L. monocytogenes may be directly 
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or indirectly associated with soil and or particulate matter that is capable of becoming 
airborne and associating itself with a product prior to packaging. These speculations 
must still be addressed scientifically. 
Recommendations for Future Research 
There are many aspects of food safety practices and policy, which still need to be 
addressed with scientific study. Prevention based studies are key to the development of 
new technologies to enhance the safety of our food supply. It is necessary to approach 
these studies with the same real world type mind-set as industry in order to develop 
meaningful and applicable technologies that are efficient, inexpensive, and as simple and 
safe to use as possible. 
This study requires further development in order to characterize the mechanisms 
that L. monocytogenes uses to survive harsh conditions and contaminate RTE meats and 
other foods. An understanding of Listeria spp. and how it truly behaves under real life 
conditions is essential for the development of useful information for government and 
industry. With this understanding, advances in processing equipment design and 
processing techniques could soon follow. 
While this work established the ability of L. monocytogenes to survive on a 
desiccated and nutritionally depleted particulate dust-like vector as well as in a nutrient 
depleted condensate-like solution, the association of the organism with such substances 
must still be characterized. The ubiquitous presence of L. monocytogenes in the 
environment lends itself to this explanation, however, the exact mode of transmission 
from the original source of the organism to a food product is poorly understood. This 
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information is essential to the design of processing plants, air-handling systems, and 
processing equipment. The information may also aid in the development of individual 
risk assessments for plant layouts, aid in the development of HACCP systems for 
individual plants, as well as improve sanitation programs. 
Other technologies geared toward prevention such as cold pasteurization and post 
packaging pasteurization require further development with respect to L. monocytogenes 
as it occurs in the environment and not in a laboratory. Technologies that work to 
prevent the occurrence of L. monocytogenes in RTE foods including edible food additives 
that consistently inhibit or eliminate L. monocytogenes from a food product would also be 
of great value. 
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APPENDIX. DATA FROM CHAPTER TWO 
Analysis of slopes 
Analysis using revised (23 May 01) data set 
13:00 Friday, May 25, 2001 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
Degrees of Freedom Method 
WORK.DEROIN 
slope 
Variance Components 
REML 
Profile 
Model-Based 
Containment 
Class Level Information 
Class Levels Values 
media 3 M N T (MOX, 5% NaCl, and TSAYE) 
trial 
meat 
trt 
Iteration 
0 
1 
3 1 2 3 
5 B F H R S (bologna, franks, chopped-
ham, deli-style roast beef, 
and sand vector) 
4 A B C D (Temp/RH Conditions) 
Dimensions 
Covariance Parameters 
Columns in X 
Columns in Z 
Subjects 
Max Obs Per Subject 
Observations Used 
Observations Not Used 
Total Observations 
Iteration History 
Evaluations 
1 
1 
-2 Res Log Like 
-152.93917091 
-351.29915220 
Convergence criteria met. 
5 
120 
39 
1 
180 
180 
0 
180 
Criterion 
0.00000000 
Label 
s vs 
Label 
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Covariance Parameter 
Estimates 
Cov Parm Estimate 
trial 0.001885 
media*trial 0.000257 
trial*meat 0.004430 
trial*trt 0.001867 
Residual 0.001012 
Analysis of slopes 
Analysis using revised (23 May 01) data set 
13:00 Friday, May 25, 2001 
The Mixed Procedure 
Fit Statistics 
-2 Res Log Likelihood 
AIC (smaller is better) 
AICC (smaller is better) 
BIC (smaller is better) 
-351.3 
-341. 3 
-340.8 
-345.8 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value Pr> F 
media 2 4 1. 45 0.3368 
meat 4 8 0.68 0.6268 
media*meat 8 100 1. 41 0.2015 
trt 3 6 5.43 0.0381 
media*trt 6 100 1. 23 0.2992 
meat*trt 12 100 2.44 0.0079 
media*meat*trt 24 100 0.41 0.9930 
Estimates 
Standard 
Estimate Error DF t Value Pr 
rest -0.07059 0.04337 8 -1.63 
Contrasts 
Num Den 
DF DF F Value Pr> F 
> It I 
0.1423 
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among meats, not s 3 8 0.02 0.9960 
meat*trt, s vs others 3 100 9. 36 <.0001 
meat*trt, among rest 9 100 0.13 0.9988 
Least Squares Means 
Standard 
Effect media meat trt Estimate Error DF t Value 
Pr > It I 
media M -0.1778 0.03438 4 -5.17 
0.0066 
media N -0.1806 0.03438 4 -5.25 
0.0063 
media T -0.1582 0.03438 4 -4.60 
0.0100 
meat B -0.1557 0.04814 8 -3.23 
0.0120 
meat F -0.1517 0.04814 8 -3.15 
0. 013 6 
meat H -0.1615 0.04814 8 -3.35 
0.0100 
meat R -0.1635 0.04814 8 -3.40 
0.0094 
meat s -0.2287 0.04814 8 -4.75 
0.0014 
trt A -0 .1163 0.03996 6 -2.91 
0.0270 
trt B -0.1291 0.03996 6 -3.23 
0.0179 
trt C -0.2394 0.03996 6 -5.99 
0.0010 
trt D -0.2039 0.03996 6 -5.10 
0.0022 
media*meat M B -0.1574 0.04930 100 -3.19 
0.0019 
media*meat M F -0.1658 0.04930 100 -3.36 
0.0011 
media*meat M H -0.1713 0.04930 100 -3.48 
0.0008 
media*meat M R -0.1761 0.04930 100 - 3.57 
0.0005 
media*meat M s -0.2183 0.04930 100 -4.43 
<.0001 
media*meat N B -0.1608 0.04930 100 -3.26 
0.0015 
media*meat N F -0.1559 0.04930 100 -3.16 
0.0021 
media*meat N H -0.1671 0.04930 100 -3.39 
0.0010 
media*meat N R -0.1633 0.04930 100 -3.31 
0.0013 
media*meat N s -0.2557 0.04930 100 -5.19 
<.0001 
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rnedia*rneat T B -0.1489 0.04930 100 -3.02 
0.0032 
rnedia*rneat T F -0.1333 0.04930 100 -2.70 
0.0081 
rnedia*rneat T H -0.1459 0.04930 100 -2. 96 
0.0038 
rnedia*rneat T R -0 .1511 0.04930 100 -3.06 
0.0028 
rnedia*rneat T s -0.2120 0.04930 100 -4.30 
<.0001 
rnedia*trt M A -0 .1184 0.04122 100 -2.87 
0.0050 
rnedia*trt M B -0. 1308 0 . 04122 100 -3.17 
0.0020 
rnedia*trt M C -0.2492 0.04122 100 -6 . 05 
<.0001 
rnedia*trt M D -0.2127 0.04122 100 -5.16 
<.0001 
rnedia*trt N A -0 .1148 0.04122 100 -2.78 
0.0064 
rnedia*trt N B -0.1398 0.04122 100 -3.39 
0.0010 
rnedia*trt N C -0.2530 0 . 04122 100 -6.14 
<.0001 
rnedia*trt N D -0 . 2147 0.04122 100 -5.21 
<.0001 
rnedia*trt T A -0.1158 0.04122 100 -2.81 
0.0060 
rnedia*trt T B -0 .1168 0.04122 100 -2.83 
0.0056 
rnedia*trt T C -0.2160 0.04122 100 -5 . 24 
<.0001 
rnedia*trt T D -0.1843 0.04122 100 -4.47 
<.0001 
rneat*trt B A -0.09753 0.05356 100 -1.82 
0. 0716 
rneat*trt B B -0 . 1089 0.05356 100 -2.03 
0.0446 
rneat*trt B C -0.2295 0.05356 100 -4.29 
<.0001 
rneat*trt B D -0.1868 0.05356 100 -3.49 
0.0007 
rneat*trt F A -0.08809 0.05356 100 -1. 64 
0.1031 
rneat*trt F B -0.1069 0 . 05356 100 -2.00 
0.0487 
rneat*trt F C -0.2288 0.05356 100 -4.27 
< . 0001 
rneat*trt F D -0.1830 0.05356 100 -3.42 
0.0009 
rneat*trt H A -0. 09813 0.05356 100 -1.83 
0.0699 
rneat*trt H B -0 .1109 0.05356 100 -2.07 
0.0410 
meat*trt 
<.0001 
meat*trt 
0.0003 
meat*trt 
0.0541 
meat*trt 
0.0431 
meat*trt 
<.0001 
meat*trt 
0.0004 
meat*trt 
0.0005 
meat*trt 
0.0002 
meat*trt 
<.0001 
meat*trt 
<.0001 
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H C -0.2373 0.05356 100 
H D -0.1995 0.05356 100 
R A -0.1044 0 . 05356 100 
R B -0.1097 0.05356 100 
R C -0.2445 0.05356 100 
R D -0.1953 0.05356 100 
s A -0.1935 0.05356 100 
s B -0.2092 0.05356 100 
s C -0. 2571 0.05356 100 
s D -0.2549 0.05356 100 
Analysis of intercepts 
Analysis using revised (23 May 01) data set 
13:00 Friday, May 25, 2001 
The Mixed Procedure 
Model Information 
Data Set 
Dependent Variable 
Covariance Structure 
Estimation Method 
Residual Variance Method 
Fixed Effects SE Method 
Degrees of Freedom Method 
WORK.DEROIN 
int 
Variance Components 
REML 
Profile 
Model-Based 
Containment 
Class Level Information 
Class 
media 
trial 
meat 
trt 
Levels Values 
3 M N T 
3 1 2 3 
5 B F H R s 
4 A B C D 
Dimensions 
Covariance Parameters 
Columns in X 
5 
120 
-4.43 
-3.73 
-1. 95 
-2.05 
-4.57 
-3.65 
-3.61 
-3.91 
-4.80 
-4.76 
Iteration 
0 
1 
Columns in Z 
Subjects 
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Max Obs Per Subject 
Observations Used 
Observations Not Used 
Total Observations 
Iteration History 
39 
1 
180 
180 
0 
180 
Evaluations -2 Res Log Like 
1 
1 
422.09592480 
306.04788695 
Convergence criteria met. 
Covariance Parameter 
Estimates 
Cov Parm 
trial 
media*trial 
trial*meat 
trial*trt 
Residual 
Estimate 
0.4087 
0.01222 
0.3655 
0.04207 
0.3107 
Criterion 
0.00000000 
Analysis of intercepts 11 
Analysis using revised (23 May 01) data set 
13:00 Friday, May 25, 2001 
The Mixed Procedure 
Fit Statistics 
-2 Res Log Likelihood 
AIC (smaller is better) 
AICC (smaller is better) 
BIC (smaller is better) 
306.0 
316.0 
316.6 
311. 5 
Type 3 Tests of Fixed Effects 
Num Den 
Effect DF DF F Value 
media 2 4 0.94 
meat 4 8 4.66 
media*meat 8 100 1. 47 
trt 3 6 0.90 
media*trt 6 100 1. 31 
meat*trt 12 100 0.47 
Pr> F 
0.4642 
0.0308 
0.1786 
0.4935 
0.2580 
0.9267 
media*meat*trt 
Label Estimate 
Label 
among meats, not s 
meat*trt, s vs others 
meat*trt, among rest 
94 
24 100 
Estimates 
Standard 
Error 
Contrasts 
Num 
DF 
3 
3 
9 
DF 
Den 
DF 
8 
100 
100 
Least Squares Means 
Standard 
Effect media meat trt Estimate Error 
Pr> It I 
media M 6.3228 0.4163 
0.0001 
media N 6.1379 0.4163 
0 . 0001 
media T 6.2121 0.4163 
0.0001 
meat B 6.5570 0. 5211 
<.0001 
meat F 6.6127 0. 5211 
<.0001 
meat H 6.6261 0. 5211 
<.0001 
meat R 6.4934 0. 5211 
<.0001 
meat s 4.8321 0 . 5211 
<.0001 
trt A 6.1567 0.4276 
<.0001 
trt B 6 .13 62 0.4276 
<.0001 
trt C 6.4289 0.4276 
<.0001 
trt D 6.1752 0.4276 
<.0001 
media*meat M B 6.4940 0.5399 
<.0001 
media*meat M F 6.7471 0.5399 
< . 0001 
1.15 0.3075 
t Value Pr> ltl 
F Value Pr> F 
0.03 0 . 9931 
1. 79 0.1534 
0.03 1.0000 
DF t Value 
4 15.19 
4 14.74 
4 14.92 
8 12.58 
8 12.69 
8 12.72 
8 12.46 
8 9 . 27 
6 14.40 
6 14.35 
6 15.03 
6 14.44 
100 12.03 
100 12.50 
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media*meat M H 6.7035 0.5399 100 12.42 
<.0001 
media*meat M R 6.6103 0.5399 100 12.24 
<.0001 
media*meat M s 5.0589 0.5399 100 9.37 
<.0001 
media*meat N B 6.4484 0.5399 100 11. 94 
<.0001 
media*meat N F 6.4649 0.5399 100 11. 97 
<.0001 
media*meat N H 6.4925 0.5399 100 12.02 
<.0001 
media*meat N R 6.2977 0.5399 100 11. 66 
<.0001 
media*meat N s 4.9860 0.5399 100 9.23 
<.0001 
media*meat T B 6.7287 0.5399 100 12.46 
<.0001 
media*meat T F 6.6260 0.5399 100 12.27 
<.0001 
media*meat T H 6.6824 0.5399 100 12.38 
<.0001 
media*meat T R 6.5722 0.5399 100 12.17 
<.0001 
media*meat T s 4. 4513 0.5399 100 8.24 
<.0001 
media*trt M A 6.3438 0.4465 100 14.21 
<.0001 
media*trt M B 6.1843 0.4465 100 13. 85 
<.0001 
media*trt M C 6.5099 0.4465 100 14.58 
<.0001 
media*trt M D 6.2531 0.4465 100 14.00 
<.0001 
media*trt N A 6.2574 0.4465 100 14.01 
<.0001 
media*trt N B 6.0071 0.4465 100 13. 45 
<.0001 
media*trt N C 6.2992 0.4465 100 14 .11 
<.0001 
media*trt N D 5.9879 0.4465 100 13.41 
<.0001 
media*trt T A 5.8688 0.4465 100 13 .14 
<.0001 
media*trt T B 6.2174 0.4465 100 13. 92 
<.0001 
media*trt T C 6.4776 0.4465 100 14.51 
<.0001 
media*trt T D 6.2847 0.4465 100 14.07 
<.0001 
meat*trt B A 6.5615 0.5549 100 11.82 
<.0001 
meat*trt B B 6.4218 0.5549 100 11. 57 
< . 0001 
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meat*trt B C 6.7734 0.5549 100 12.21 
<.0001 
meat*trt B D 6. 4 713 0.5549 100 11. 66 
<.000 1 
meat*trt F A 6.5932 0.5549 100 11. 88 
<.0001 
meat*trt F B 6.4958 0.5549 100 11. 71 
<.0001 
meat*trt F C 6.8453 0.5549 100 12.34 
<.0001 
meat*trt F D 6.5165 0.5549 100 11. 74 
<.0001 
meat*trt H A 6.5802 0.5549 100 11. 86 
<.0001 
meat*trt H B 6.4688 0.5549 100 11. 66 
<.0001 
meat*trt H C 6.8722 0.5549 100 12.38 
<.0001 
meat*trt H D 6.5833 0.5549 100 11. 86 
<.0001 
meat*trt R A 6.5464 0.5549 100 11. 80 
<.0001 
meat*trt R B 6.3290 0.5549 100 11. 41 
<.000 1 
meat*trt R C 6. 7184 0.5549 100 12 .11 
<.0001 
meat*trt R D 6.3798 0.5549 100 11. 50 
<.0001 
meat*trt s A 4.5020 0.5549 100 8 .11 
<.0001 
meat*trt s B 4. 9658 0.5549 100 8.95 
< .0001 
meat*trt s C 4.9353 0.5549 100 8 . 89 
<.0001 
meat*trt s D 4.9252 0.5549 100 8.88 
<.0001 
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